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Sir: 

Pursuant to the provisions of 37 C.F.R. § 1.191 and § 1.192, an appeal is taken 
herein fi-om the final rejection, dated September 20, 2002, which rejects claims 1-15 and 23- 
27 of this application. Appellants submit herewith: (a) an original and two copies of this 
Appeal Brief; and (b) a Petition for Extension of Time of one (1) month, fi-om October 30, 
2003 to November 30, 2003 with provision for the required fee. 

REAL PARTY IN INTEREST 

The real party in interest is the assignee of the above-identified application: 
Signal Pharmaceuticals, Inc. ("Signal") a company having a place of business at 4550 Towne 
Center Court, San Diego, California 92121. Signal is a wholly-owned subsidiary of Celgene 
Corp., a company having a place of business at 7 Powder Horn Drive, Warren, New Jersey 
07059. 

RELATED APPEALS AND INTERFERENCES 

Appellants and their legal representatives hereby submit that they are not 
aware of any appeal or interference that directly affects, will be directly affected by, or will 
have a bearing on the Board's decision in this appeal. 
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STATUS OF THE CLAIMS 

This application was filed with 24 claims. Claims 16-22 were canceled 
without prejudice pursuant to a Restriction Requirement (Paper No. 6), filed February 14, 
2000). Claims 25 and 26 were added in an Amendment under 37 C.F.R. 1.116 (Paper No. 
18), filed March 26, 2001. Claims 11 and 12 were canceled, and claim 27 added, in an 
Amendment vmder 37 C.F.R. 1.111 (Paper No. 24), filed June 19, 2002. Accordingly, claims 
1-10, 13-15, and 23-27 of this application are imder final rejection and are the subject of this 
appeal. The appealed claims are presented in Exhibit 1 attached hereto. 

STATUS OF AMENDMENTS 

Subsequent to the September 20, 2002 final Office Action, a Response under 
37 C.F.R. § 1.116 was filed on March 20, 2003. In an Advisory Action, mailed April 14, 
2003, the Examiner indicated that the Response was entered but did not place the application 
in condition for allowance for the reasons set forth in the Advisory Action. 

SUMMARY OF THE INVENTION 

The invention, as recited by the claims on appeal, satisfies the long-felt need 
in the art for human neural progenitor cell lines whose differentiation is regulatable. Before 
applicants' invention, researchers had identified himian neural stem cells, but their culture 
and differentiation was difficult, and their use required the repeated use of fi-esh fetal material 
that is difficult to obtain. Methods of making immortalized rat neural stem cells were also 
known, but persons of skill in the art had no success in applying those methods to himian 
neural stem cells. The claimed invention, as first practiced by the Inventors, encompasses a 
method of conditionally immortalizing human mesencephalon progenitor cells to produce 
immortalized cell lines, and of differentiating the conditionally-immortalized cells to produce 
mesencephalon cells. The invention fiirther encompasses the conditionally-immortalized 
human mesencephalon cells themselves, and the mesencephalon cells differentiated 
therefi-om. These cells have proven highly valuable to researchers interested in treating a 
wide spectrum of neurological disorders. 

The invention as currently claimed is generally described on page 2, lines 5- 
30; page 4, line 29 to page 8, line 28; and in Example 1 and Figures 1-4. As claimed, the in- 
vention provides a method for producing a conditionally-immortalized himian mesencepha- 
lon neural progenitor cell, comprising: (a) plating human mesencephalon cells on a first sur- 
face and in first growth medium that permits proliferation; (b) transfecting said progenitor 
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cells with DNA encoding a selectable marker and an externally regulatable growth-promoting 
protein; and (c) selecting an adherent monolayer of the transfected cells on a second surface 
and in a second serum-free growth medium that permits attachment and proliferation, 
wherein the second serum-free growth medium comprises FGF-2, EGF and PDGF, and there- 
from producing a conditionally-immortalized hxunan mesencephalon cells in which the 
growth-promoting protein is regulated by an extemal factor, such that suppression of the 
growth promoting protein results in differentiation of the cell into a neuron. (Page 2, lines 6- 
13; page 7, lines 23-25; page 16, lines 23-25.) The first and second surfaces may be inde- 
pendently selected from the group consisting of substrates comprising one or more of a poly- 
amino acid, fibronectin, laminin or tissue culture plastic. (Page 2, lines 13-16; page 7, lines 
19-22; page 8, lines 14-16.) The recited growth-promoting gene may be an oncogene (page 

5, lines 24-27); the oncogene may specifically be v-myc (page 5, lines 24-25). In the method, 
expression of the growth-promoting gene may be inhibited specifically by tetracycline. (Page 

6, lines 7-16; page 16, lines 14-20; page 17, lines 3-4, 10-1 1). 

The invention also provides a conditionally-immortalized human mesen- 
cephalon neural progenitor cell capable of differentiation into neurons, wherein the cell is 
transfected with DNA encoding a growth-promoting protein that is regulated by an extemal 
factor, such that suppression of the growth-promoting protein results in differentiation of the 
cell into a neuron, and wherein the cell is polygonal and grows as an adherent monolayer. 
(Page 2, lines 19-22; page 7, line 23 to page 8, line 3; page 16, line 23 to page 17, line 2.) 
Such cells may be capable of differentiation into dopaminergic neurons (page 2, lines 19-21; 
page 8, lines 23-24; page 17, lines 20-26) or into GABA-ergic neurons (page 2, lines 21-22; 
page 7, lines 27-28; page 17, lines 26-27; Figure 4). The cell may be produced by the spe- 
cific method described above. (Example 1 .) Such a cell may be present within a clonal cell 
line. (Page 7, line 29 to page 8, line 3; 17, lines 7-24.) 

The invention also provides a method for producing a neuron, comprising cul- 
turing a cell produced according to the method above in the presence of at least one differen- 
tiating agent imder conditions that inhibit expression of the growth-promoting gene. (Page 2, 
lines 23-25; page 8, lines 4-12; page 17, lines 10-24.) In one aspect, the cell is cultured in 
mediimi comprising tetracycline. (Page 6, lines 7-16; page 16, lines 14-20; page 17, lines 3- 
4, 10-11.) The differentiating agent may comprise GDNF (page 2, lines 26-27; page 8, line 
17-19; page 17, lines 11, 20-21); the combination of forskolin, GDNF and CNTF (page 2, 
lines 26-27; page 8, line 17-19); or the combination of forskolin, GDNF, CNTF, IGF-1 and 
BDNF (page 2, lines 26-27; page 8, line 17-21; page 17, lines 10-12, 20-21). 
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The invention further provides a neuron produced according to this method. 
(Page 2, lines 29-30; page 8, Unes 23-28; page 17, lines 10-27.) The neurons may be dopa- 
minergic (page 2, lines 19-21; page 8, lines 23-24; page 17, lines 20-26) or GABA-ergic 
(page 2, lines 21-22; page 7, lines 27-28; page 17, lines 26-27; Figure 4). 

ISSUES ON APPEAL 

(1) The first issue presented by this appeal is whether the novel method of 
conditionally immortalizing human mesencephalon stem cells, and differentiating these cells, 
is obvious under 35 U.S.C. § 103(a) over the combination of Jive references cited by the 
Examiner, Le,, Hoshimaru et a/., Proc. Natl Acad, Set USA 93:1518-1523 (1996) and Prasad 
et al. In Vitro Cell Devel 30A:596-603 (1994) in view of Boss et aL, U.S. Patent No. 
5,411,883 (1995), Weiss et a/., U.S. Patent No. 5,750,376 (1998) and Gallyas et aL, 
Neurochem. Res, 22(5):569-575 (1997), even though (1) the combination does not teach all of 
the limitations of the claims; (2) the combination does not provide a reasonable expectation 
of success in practicing the claimed methods; and (3) there is no suggestion to combine the 
cited references. 

(2) The second issue presented by this appeal is whether the novel 
conditionally immortalized human mesencephalon stem cells, and the mesencephalon cells 
differentiated therefrom, are obvious xmder 35 U.S.C. § 103(a) over the combination of five 
references cited by the Examiner {see (1), above) even though conditionally-immortalized 
human mesencephalon progenitor cells are substantially different biochemical entities from 
rat cells, and, as a result, there is no suggestion to combine the cited references. 

GROUPING OF CLAIMS 

Claims 1-5, 9, 10 and 25-27, directed to methods of producing conditionally- 
immortalized human mesencephalon progenitor cells and the neural cells differentiated 
therefrom, stand separately from claims 6-8 and 13-15, directed to the conditionally- 
immortalized mesencephalon progenitor cells and the neural cells differentiated therefrom. 
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REFERENCES RELIED UPON BY THE EXAMINER 



Primary : 

Hoshimaru et al, Proc, Natl Acad, Set USA 93:1518-1523 (1996) (submitted 
herewith as Exhibit 2) discloses the production of conditionally-immortalized rat neuronal 
progenitor cells by transfection with a retroviral vector having a tetracycline-controUed 
transactivator operably linked to a v-myc oncogene. When tetracycline is absent, the 
oncogene is active, and the rat progenitor cell containing it proliferates but does not 
differentiate. In the presence of tetracycline, however, the oncogene is inactivated, and the 
progenitor cell containing it may differentiate into a neural cell. 

Prasad et al. In Vitro Cell Devel 30A: 596-603 (1994) (submitted herewith as 
Exhibit 3) discloses immortalized clones of rat nerve cells derived from mesencephalon 
tissue. Cells from the rat mesencephalon were transfected with plasmids expressing the SV- 
40 large T antigen, a transforming protein, plated on a special substrate and in a special 
selection medium; surviving cells had characteristics of neurons. 

Secondarv : 

Boss et a/., U.S. Patent No. 5,411,883 (1995) (submitted herewith as Exhibit 

4) discloses a method of preparing neuron progenitor cells comprising obtaining 
mesencephalon tissue from an embryo, dissociation of the tissue to obtain single cells and 
cell clusters, culturing any progenitor cells present in a first culture mediirai that selects for 
the progenitor cells, and proliferating the progenitor cells in a second medixmi. 

Weiss et al,, U.S. Patent No. 5,750,376 (1998) (submitted herewith as Exhibit 

5) discloses a method for producing genetically modified neural cells. The reference 
discloses certain growth factors and growth conditions for culturing neural progenitor cells 
and neural cells. 

Gallyas et aL, Neurochem. Res, 22(5):569-575 (1997) (submitted herewith as 
Exhibit 6) discloses the measurement of the concentrations of the neurotransmitters 
acetylcholine, y-aminobutyric acid (GABA) and monoamines in immortalized rat or mouse 
cell lines. 

ARGUMENT 

The Examiner has failed to make out a prima facie case of obviousness against 
the pending claims. In particular, the Examiner rejects the claims over a combination of 
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several references that (1) does not provide a reasonable expectation of success; (2) does not 
teach all of the limitations of the claims; and (3) would not be combined by those of skill in 
the art because there is no suggestion to combine them. In arguing that the combination of 
references does so, the Examiner has, respectfully, misunderstood the teachings of several of 
the cited references. Moreover, the Examiner attempts to combine art relating to rat neuronal 
cells with art relating to human mesencephalic cells, a combination that attempts to combine 
two different cell types, from the different species, recognized in the art as being substantially 
different from each other. 

At the outset. Applicants address the Examiner's contention that 
"[Applicants'] arguments taken as a whole rely heavily on the deficiencies of each reference 
taken alone. One cannot show non-obviousness by attacking references individually where 
the rejections are based on combinations of references," citing In re Keller ^ 642 F.2d 413, 
426, 208 U.S.P.Q. 871, 882 (C.C.P.A 1981) and In re Merck & Co, Inc., 800 F.2d 1091, 
1097, 231 U.S.P.Q. 375, 380 (Fed. Cir. 1986). The Examiner misconstrues AppHcants' 
arguments. Applicants have consistently argued that there is no motivation to combine the 
references, and that the combination of references does not render the invention obvious. 
Rather than attacking references individually, applicants have discussed individual references 
either (1) to show that the reference did not contain any explicit motivation to combine the 
reference with the remaining cited references, or (2) to demonstrate that the Examiner's 
interpretation of the reference's teaching was incorrect. Particularly in the case of (2), 
Applicants must be able to explain what the reference in question actually teaches. As the 
Board will see, the Examiner is merely using rhetoric to mask the deficiencies of the 
references. 

I. The Method Claims Are Not Obvious over the Cited References 

1. The Cited References Do Not Teach Every Limitation of the Claims 

The combination of prior art references cited by an Examiner, to render any of 
the claims obvious, must first teach each and every limitation of those claims. In re Royka, 
490 F.2d 981, 985, 180 U.S.P.Q. 580, 583 (C.C.P.A. 1974); see also 2143.03 Manual of 
Patent Examining Procedure 2100-128 (2003). Additionally, where an independent 
claim is nonobvious under 35 U.S.C. § 103(a), then any claim depending therefi-om is also 
nonobvious. 2143.03 M.P.E.P. at 2100-128. The art cited by the Examiner, however, fails to 
teach every limitation of the . claimed invention. In particular, the cited art fails to teach the 
use of forskolin and the use of the particular combinations of cytokines claimed in the 
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conditional immortalization and differentiation of human mesencephalon precursor cells, and 
does not teach the recited monolayer cultures of conditionally-immortalized cells. In arguing 
that it does, the Examiner has misconstrued the teachings of several of the references. Our 
reasoning is as follows. 

The Examiner cites Hoshimam et al, as teaching the use of forskolin for the 
differentiation of immortalized neuronal cells into neurons (Advisory Action, at page 3), in a 
rejection of at least claims 9, 10, and 25-27. The Examiner, hov^ever, misconstmes this 
reference's actual teaching. At page 1522, Hoshimam states that previous studies had found 
that "several cytokines, or forskolin or growth factors on specific substrates" were needed for 
differentiation. In contrast, Hoshimaru et al. teaches that "suppression of the v~myc 
production is sufficient to differentiate immortalized neuronal progenitor cells into neurons." 
(See page 1521, right colimm, heading). A reference must be considered as a whole, and 
portions arguing against or teaching away from the claimed invention must be considered. 
Bausch & Lomb, Inc, v. Barnes-Hind/Hydrocurve, Inc, 796 F.2d 443, 448, 230 U.S.P.Q. 416, 
419 (Fed. Cir. 1986). Weiss suggests, in passing, the use of forskolin to "influence the 
differentiation" of precursor cells (see col. 20, lines 46, 51), but does not teach that forskolin 
may be used to generate neurons from the precursor cells. Neither Boss et al, nor Prasad et 
ai teach the use of forskolin. Thus, the combination of references cited by the Examiner fails 
to teach the use of forskolin to cause the differentiation of immortalized neuronal cells into 
neurons, and cannot be used to reject claims 9, 10 and 25-27 as obvious. 

The cited art also does not teach the use of the combinations of cytokines as 
recited in the claims. In particular, the cited art does not teach the use of GDNF in 
differentiating the conditionally-immortalized cells, as recited by claims 25-27. In fact, the 
Examiner nowhere states that the cited art teaches the use of GDNF. 

Applicants note that the combination of Hoshimaru et al.. Boss et al., and 
Prasad et al. does not teach the combination of EOF, FGF-2 and PDGF in the culture of 
conditionally-immortalized human mesencephalic progenitor cells, and does not teach the 
combination of differentiating factors recited in claims 25-27. Thus, these missing teachings 
must be supplied by Weiss et al. for the Examiner's rejection to have even a hint of 
credibility. 

The Examiner cites Weiss et aL as teaching "the use of a combination of 
proliferation inducing growth factors selected from NGF, BDNF, NT-3, NT-4, NT-5, CNTF. 
FGF-1, FGF-2. EGF. TGFa, TGFb, PDGF, IGFs and interleukins ... The cited art [/.e.. 
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Weiss et aL] further teaches in-vitro proliferation of neuronal progenitor cells in the presence 
of [the] above mentioned growth factors." Advisory Action at page 3 (emphasis in original). 

Although not explicitly stated, the Examiner appears to cite Weiss et aL^ in 
combination with the remaining cited art, against method claims 1-5, 9, 10 and 25-27. The 
Examiner both misconstrues the teachings of Weiss et aL, and misapplies those teachings to 
the claims. At col. 17, lines 1-15, cited by the Examiner, Weiss et aL suggests that precursor 
cells be proliferated in EGF and FGF-2. In contrast, Weiss et aL suggests that PDGF 
influences differentiation (col. 17, line 12). According to claim 1 of the instant method, 
differentiation is strictly controlled by the expression of the oncogene. Moreover, Weiss et 
aL teaches that, after culturing in "a proliferation-inducing growth factor," the disclosed stem 
cells "begin[] to divide, giving rise to a cluster of undifferentiated cells referred to herein as a 
*neurosphere\" (col. 17, lines 17-20). These "neurospheres" are obviously not the monolayer 
taught by the instant disclosure. Weiss therefore teaches that the combination of EGF and 
FGF-2 with PDGF has a different purpose and achieves a different result than in the instant 
invention. As a result, Weiss et aL does not rectify the deficiencies of the remaining cited art, 
and the combination cannot render the instantly-claimed invention obvious. 

Other sections of Weiss et aL cited by the Examiner are irrelevant or do not 
supply the teachings for which the Examiner cites this reference. Col. 22, lines 17-29 teach 
that various "growth factor products" may be useful in the treatment of CNS disorders. None 
of the claims of the instant invention are directed to the treatment of CNS disorders. Col. 30, 
line 17 merely refers to a section heading and provides no useful information. Col. 31, lines 
46-64 disclose a list of "biological agents" that may be tested to determine their effects on 
precursor cells {see col. 31, lines 29-45). It is clear that the Weiss et aL had no idea what the 
effects of those compounds would be, only that their effects could be tested. Finally, 
Examples 1-6 teach only the use of EGF in the culture of mouse neural stem cells; Example 7 
teaches differentiation in EGF-containing medium; and Example 8 teaches the use of CNTF, 
BDNF or FGF-2 for differentiation of the neurospheres. Therefore, Weiss et aL^ in 
combination with the remaining cited art, does not teach the culture of conditionally- 
immortalized hiunan mesencephalon progenitor cells in EGF, FGF-2 and PDGF to produce 
the cells of the invention, as recited in claim 1 . 

In sum. Because Hoshimaru et aL teaches only the culture in FGF-2 (see page 
1519, left column, second fiill paragraph), Prasad et al. teaches only EGF {see page 597, right 
column, first fiill paragraph, reference 37), Boss et aL and Gallyas et aL teach none of EGF, 
FGF-2 and PDGF, the combination of these references fails to teach the use of EGF, FGF-2 
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and PDGF as recited in claim 1 of the instant invention. And since claims 9, 10 and 25-27 
depend upon claim 1, the combination of references likewise cannot be used to reject these 
claims as obvious. 

The cited references alone or in combination do not teach the combination of 
cytokines in the differentiation of the conditionally-immortalized human mesencephalon 
progenitor cells, as recited in claims 25 and 26, respectively, because they fail to teach the 
use of GDNF. The Examiner concludes that "it would have been further obvious to use a 
combination of BDNF. CNTF, FGF-2. EGF. PDGF, and IGFs to promote the survival of 
mesencephalonic dopaminergic neurons in view of Weiss." Advisory Action at page 3 
(emphasis in original). Applicants point out that this combination is not claimed. Rather, the 
Inventors recite the use of a combination of FGF-2, EGF and PDGF in the culture of 
conditionally-immortalized mesencephalon progenitor cells, and the use of a combination of 
either forskolin, GDNF and CNTF (claim 26) or forskolin, GDNF, CNTF, IGF-1 and BDNF 
(claim 27) to differentiate conditionally-immortalized cells into neurons. The Examiner's 
citation of Weiss et al, for this point is, therefore, inapt. 

Finally, the Examiner, referring to pending claim 1, once again persists in 
citing Boss et aL as teaching "monolayers," in its abstract and at colxmin 11, line 25. 
Applicants are aware that Boss et aL uses the word "monolayer" in the heading of the section 
that begins at column 11, line 25. However, the Applicants respectfully suggest that the 
Examiner has ignored other statements in Boss et aL that indicates that the reference does not 
actually disclose a "monolayer" as that term is used in the art and in the instant claims. Boss 
et aL specifically states that "[g]ross examination of typical neuron progenitor cell 
'monolayer* cultures reveals interconnected three-dimensional structures, rather than the 
usual two-dimensional monolayer observed with most cell lines."' Col. 6, 11. 4-7. Thus, 
rather than a monolayer of cells. Boss et aL actually discloses cells in interconnected three- 
dimensional structures. In contrast, claim 6 of the instant application clearly recites 
^'adherent monolayers" - i,e,, a two-dimensional layer of cells. The Examiner has still not 
explained how the clumps of cells disclosed in Boss et al, are adherent monolayers. A 
reference must be cited for what it fairly suggests. In re Burkel, 592 F.2d 1175, 1179, 201 
U.S.P.Q. 67, 70 (C.C.P.A. 1979), and Boss fairly suggests something other than the adherent 
monolayers recited in claim 1. Boss et aL therefore clearly does not teach monolayers, as 



Indeed, Boss et al. here places "monolayer" in quotes to indicate that the cultures are not 
monolayers as persons of skill in the art recognize them. 
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recited in claims 1 and 6, and cannot be combined with Hoshimaru et al. and/or Prasad et aL 
to render these claims obvious. 

Even if one assumes that the Examiner is correct that Boss et aL teaches 
monolayers of precursor cells, the Examiner still fails to consider this reference in light of 
Weiss et aL, which teaches that the culture conditions disclosed therein produce clusters of 
cells, not monolayers. The Examiner, therefore, fails to consider the combined teachings of 
the references. 

In sum, the combination of references cited by the Examiner fails to teach 
each and every limitation of the claims, as required for a rejection under 35 U.S.C. § 103. 
The fact that the combination of five references cited by the Examiner fails to supply these 
teachings underscores the non-obviousness of the pending claims. See, e.g., ATD Corp, v. 
Lydall Inc., 159 F.3d. 534, 546, 48 U.S.P.Q.2d 1321, 1330 (Fed. Cir. 1998) (invention not 
obvious over combination of seven references); Hybritech Inc, v. Monoclonal Antibodies, 
Inc., 802 F.2d 1367, 1383, 231 U.S.P.Q. 81, 93 (Fed. Cir. 1986) (invention not obvious over 
combination of twenty references). 

2. The Cited References Do Not Provide a Reasonable 

Expectation of Success in Practicing the Claimed Invention 

The Examiner also fails to establish a reasonable expectation of success in 
practicing the claimed invention through the combinations of cited art. Our reasoning is as 
follows. 

In order for a combination of references to render a claim obvious, the 
combination must have provided, at the time of the invention, a reasonable expectation of 
success in practicing the invention as claimed. Amgen, Inc, v. Chugai Pharmaceutical Co,, 
927 F.2d 1200, 1207-08, 18 U.S.P.Q.2d 1022-23 (Fed. Cir. 1991), cert denied 502 U.S. 856 
(1991) (holding that to establish obviousness requires the cited references to show that there 
was, at the time of the invention, a reasonable expectation of success). The Examiner 
explains that the combination of references would provide a reasonable expectation of 
success in practicing the claimed invention "because neuronal progenitor cells are easy to 
transfect, especially in the presence of proliferation enhancing growth factors, which 
promotes cell survival." Advisory Action, at page 3. This statement, the Examiner's sole 
basis for a reasonable expectation of success for the majority of the instant claims, is 
incorrect for several reasons. Contrary to the Examiner's implication, the invention is more 
than simply transfecting cells; ease of transfection does not mean that a person of skill in the 
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art would have a reasonable expectation of practicing the invention as claimed^ which 
encompasses the transfection of human mesencephalon precursor cells, culture of the 
conditionally-immortalized cells, differentiation of these cells, and culturing of the neurons 
obtained thereby. 

In making this assertion, the Examiner further presumes that rat cells and 
himian cells are equivalent for the purpose of supporting the cited combination of references. 
This contention is the Examiner's sole basis for asserting that culture methods useful for rat 
cells would apply equally well to human cells. However, this contention is incorrect {see 
Section II, below). In fact, human neuronal progenitor cells are expected to respond 
differently to pharmacologic agonists and antagonists {see Sah et aL, "Bipotent Progenitor 
Cell Lines from Human CNS," Nat. Biotech, 15(6):574-580 (1997)), and do not proliferate 
and differentiate in the same manner as rat cells in response to the same culture conditions. 
Aside from this contention, the Examiner has provided no basis in the cited art — or 
elsewhere — for the proposition that human neuronal progenitor cells would be "easy to 
transfect," or to culture, or to differentiate.^ It is apparent, with respect, that the Examiner 
has come to this belief based on the Inventors' own disclosure, which is improper. In re 
VaecK 947 F.2d 488, 493, 20 U.S.P.Q.2d 1438, 1442 (Fed. Cir. 1991) (holding that the 
reasonable expectation of success must both be found in the prior art, not in the applicant's 
disclosure). 

The assertion of obviousness made by the Examiner is, therefore, essentially 
that it would be obvious to try substituting the rat progenitor cells used in Hoshimaru, et al, 
with human progenitor cells. However, "obvious to try" is an improper basis for a § 103(a) 
rejection. In re O'Farrell, 853 F.2d 894, 903, 7 U.S.P.Q.2d 1673, 1680 (Fed. Cir. 1988). 
Thus, the invention as embodied in the present invention cannot be rendered obvious by the 
combination of cited references. 

3. There is No Motivation to Combine the Cited References 

The Examiner has failed to establish that there exists, either within the cited 

references themselves or in the general knowledge of the art, a motivation to combine the 

cited art. Our reasoning is as follows. 



The Examiner is called upon to file a Declaration to support the contention 
that rat neural stem or progenitor cells are equivalent to human neural stem or progenitor 
cells. Absent this, the rejection is improper. 
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In order for the combination of references cited by the Examiner to render any 
claim obvious, there must have been at the time of the invention a motivation to combine the 
references. In re Mayne, 104 F.3d 1339, 1342, 41 U.S.P.Q.2d 1451, 1454 (Fed. Cir. 1997), 
In re Jones, 958 F.2d 347, 351, 21 U.S.P.Q.2d 1941, 1943-44 (Fed. Cir. 1992); In re Fine, 
837 F.2d 1071, 1075, 5 U.S.P.Q.2d 1596, 1598-99 (Fed. Cir. 1988). The motivation cannot 
come from the AppHcant's disclosure. In re Fine, 837 F.2d at 1075, 5 U.S.P.Q.2d at 1599 
(obviousness can only be established by combining or modifying the teachings of the prior 
art to produce the claimed invention where there is some teaching, suggestion or motivation 
to do so found either in the references themselves or in the knowledge generally available to 
one of ordinary skill in the art). 

The Examiner must provide objective evidence and specific factual findings 

with respect to the motivation to combine the references. See In re Lee, 277 F.3d 1338, 

1342-44, 61 U.S.P.Q.2d 1430, 1433-34 (Fed. Cir. 2002). Here, however, the Examiner has 

provided not the required objective evidence or facts, but only conclusory statements. The 

Examiner's main argument for combining the cited references is that: 

[o]ne would have been motivated to make immortalized human 
neuronal progenitor cells wherein the expression of [the]v-/wyc 
oncogene is driven by [a] tetracycline - controlled 
tr[a]nsactivator because suppression of [the] \~myc oncogene 
in an immortalized progenitor induces the differentiation of the 
neuronal progenitor cell. Furthermore, immortalized human 
neuronal progenitor cells are valuable research tools to 
understand the molecular mechanism[s] that control the 
development and fiinction of nervous system cells in vitro. 

Thus, the Examiner fails to point to any motivation stated within the 
references themselves that would encourage their combination. This statement, therefore, is 
legally insufficient to support a rejection for obviousness. See In re Fine, 837 F.2d at 1075, 5 
U.S.P.Q.2dat 1599. 

In fact, there is no motivation within the cited references to combine them. 
Neither Hoshimaru et aL nor Prasad et aL teach or suggest the immortalization of human 
mesencephalon cells. Instead, these references teach the conditional immortalization of rat 
cells; in contrast, neither reference teaches that the method disclosed therein may be used to 
conditionally immortalize human mesencephalic cells. Hoshimaru et aL teaches the 
conditional immortalization of rat cells with tetracycline-regulated v-myc. The Examiner 
states that Prasad et al, "teaches that mesencephalic cell[s] could be genetically manipulated." 
With respect. Applicants argue that this is irrelevant to the instant invention. Prasad et aL 
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does not teach or suggest that the methods disclosed therein are applicable to human cells. 
Rather, Prasad et aL very specifically teaches only that the two SV40 constructs disclosed 
therein could conditionally immortalize rat cells. Boss et aL teaches the production of non- 
immortalized human mesencephalon progenitor cells, but does not suggest the 
immortalization, conditional or otherwise, of the cells disclosed therein. Thus, there is no 
motivation to combine Hoshimaru et aL or Prasad et aL with Boss et aL (Weiss et aL and 
Gallyas et aL do not teach immortalization.) 

The Examiner's statement further fails to explain how the general knowledge 
of the art would motivate such a combination. For example, the Examiner's statement that 
the expression of the v-myc oncogene induces differentiation fails to explain why such 
activity would motivate one of skill in the art to combine the cited references. The Examiner 
further fails to consider that the only cited references disclosing immortalized neural cells 
disclose immortalized rat cells. Finally, the Examiner's statement that the claimed cells "are 
valuable research tools" only points out that the claimed cells were desirable, not that a 
person of skill in the art would have been motivated to combine the references, much less to 
have the legally requisite expectation of success in obtaining them. However, the desire for a 
particular result is not a motivation to combine two references; there has to be some teaching 
in the references themselves or in the art that the references can be combined. There is none 
in the cited references. 

The Federal Circuit has stated that "the best defense against the subtle but 
powerful attraction of a hindsight-based obviousness analysis is rigorous application of the 
requirement for a showing of the teaching or modification to combine prior art references." 
In re Lee, 211 F.2d at 1343, 61 U.S.P.Q.2d at 1433. This is because "[w]hen prior art 
references require selective combination by the court to render obvious a subsequent 
invention, there must be some reason for the combination other than the hindsight gleaned 
fi*om the invention itself." Continental Can Co. USA, Inc, v. Monsanto Co,, 948 F.2d 1264, 
1271, 20 U.S.P.Q.2d 1746, 1751 (Fed. Cir. 1991), Uniroyal Inc. v. Rudkin-Wiley Corp., 837 
F.2d 1044, 1051, 5 U.S.P.Q.2d 1434, 1438 (Fed. Cir. 1988) citing Interconnect Planning 
Corp, V. Feil, 774 F.2d 1132, 1143, 227 U.S.P.Q. 543, 551 (Fed. Cir. 1985). The Examiner, 
with respect, has not applied this requirement "rigorously." 

This conclusion is supported, moreover, by the Examiner's failure to take into 
accoimt the wide variety of methodologies taught by the cited art, as previously pointed out 
by Applicants in Paper No. 25. A person of skill in the art would not be guided by these 
various teachings to the practice the methods and cells claimed in the instant application. For 
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example, the cited references differ in their teachings as to the growth factors to use for 
proliferation and differentiation. For proliferation, Hoshimaru et al. discloses the use of only 
FGF-2. See p. 1519, col. 1, H 3. Weiss et aL suggests that cells be proliferated in EGF and 
FGF-2; that PDGF may influence differentiation (col. 17, line 12); and that CNTF, BDNF or 
FGF-2 may be used in the differentiation of precursor cells. Prasad et aL does not use growth 
factors. See p. 597, col. 2, T[ 2. Thus, there is no motivation, either within the references or in 
the art, to combine a reference disclosing the use of several growth factors, a reference 
disclosing the use of one growth factor, and a reference disclosing the use of no growth 
factors, to arrive at the claimed method. 

In another example, Hoshimaru, et aL uses DMEM, a minimal medium, and 
Ham's F-12, a defined medium, with N2 supplement. See p. 1519, col. 1, If 3. Prasad, et aL 
uses only the defined medium MCDB-153, which contains different ingredients than DMEM 
and F-12, followed after one year by F12 medium. See p. 597, col. 2, 2. Fiuthermore, the 
culture of the rat cell lines as taught by Prasad, et aL requires the use of tissue culture dishes 
precoated with a specialized substrate, consisting of bovine serum albimien, fibronectin and 
collagen. See p. 597, col. 2, 1(2. 

Moreover, while the method of the instant claim 1 recites the selection of a 
monolayer of precursor cells, the Examiner attempts to combine Boss et aL, a reference that 
(according to the Examiner) teaches the production of monolayers of precursor cells with 
Weiss et aL, which teaches the use of proliferation-inducing groAvth factors to produce 
clusters of precursor cells. The Examiner fails to explain the motivation for combining these 
two conflicting teachings; in fact, if the Examiner is correct, these two references teach away 
from each other. Thus, one of skill in the art would not be motivated to combine these 
references, with the remaining cited art, to arrive at the claimed invention. 

The cited art would not be combined to teach the use of forskolin in the 
differentiation of the conditionally-immortalized human progenitor cells, as the Examiner 
suggests. Hoshimaru et aL, in contrast to the Examiner's characterization teaches that 
forskolin is not necessary for differentiation {see Abstract; page 1521, paragraph under 
heading "Suppression of Y-myc Production is Sufficient to Differentiate Immortalized 
Neuronal Progenitor Cells into Neurons"). Weiss et aL, in the context of /low-transfected 
progenitor cells, suggests (once) the use of forskolin {see col. 20, line 51). The remaining 
cited references do not disclose the use of forskolin. Thus, the combination of references 
teaches away fi-om the use of forskolin when an extemally-regulatable oncogene is employed. 
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as in the current invention. Thus, again, there is no motivation to combine the cited 
references. 

The Examiner has not explained, given the disparate teachings of the cited 
references, how one of ordinary skill in the art would have determined which elements of the 
Hoshimaru et aL^ Prasad, et aL or Boss et al. teachings to retain, and which to alter, for use 
with human mesencephalic cells. Neither has the Examiner has pointed to any teaching in the 
art, or knowledge of one of skill in the art, that would enable such a selection. There is, 
therefore, no motivation within these references to combine them, or, if combined, to lead 
one of skill in the art to arrive at the claimed invention. Compare ATD Corp,, 159 F.3d at 
546, 48 U.S.P.Q.2d at 1330 (no motivation to combine seven references in a crowded field). 

Thus, because the motivation to combine the references arise from neither the 
cited art nor the general teachings of the art, it must have come from the Inventors' own 
disclosure. It is, of course, improper to use an applicant's disclosure to provide the 
"hindsight" necessary to combine references that would otherwise not be combined. In re 
Vaeck, 947 F.2d at 493, 20 U.S.P.Q.2d at 1442 (teaching or suggestion to make the claimed 
combination must be found in the prior art, not in the applicants' disclosure); In re Deuel, 51 
F.3d 1552, 1558, 34 U.S.P.Q.2d 1210, 1215 (Fed. Cir. 1995). The Examiner cites In re 
McLaughlin in support of the contention that that the Examiner has used no impermissible 
hindsight to combine the cited references {see Paper No. 26, Office Action, mailed 
September 20, 2002, at page 3). However, given that neither the references nor the art 
suggests combining the cited references, the Examiner must have used the teachings of the 
instant specification to combine the cited references. This is improper. In re Vaeck, 947 
F.2d at 493, 20 U.S.P.Q.2d at 1442; In re Deuel, 51 F.3d at 1558, 34 U.S.P.Q.2d at 1215. As 
such, the references cited by the Examiner should not be combined to reject the instant 
claims as obvious. 

II. The Cell Claims Are Not Obvious over the Cited 

Art Because Human Cells Are Not Obvious Over Rat Cells 

Claims 6-8, 13-15, 23 and 24, directed to conditionally-immortalized cells and 
neurons differentiated therefi-om, are also not obvious over the cited art. In particular, the 
combination of art disclosing rat neuronal progenitor cells in combination with art disclosing 
human neiu-onal progenitor cells does not make the cell claims of the instant application 
obvious because rat cells are not equivalent to human cells. Oiu* reasoning is as follows. 
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The Examiner has not made clear what combination of references is being 
applied to assert the obviousness of the cell claims, but Applicants will assume it is the 
Hoshimaru et al.^ Prasad et aL^ Boss et al. and Gallyas et al, references. Hoshimaru et aL, 
Prasad et al, and Gallyas et al. disclose rat cells. The Examiner, explaining for the first time 
in the latest Advisory Action the basis for equating rat cells and human cells, states that: 

In [the] instant case mammalian mesencephalon neuron 
progenitor cells (mouse and human) are considered to have 
identical characteristics, therefore the genetic modification and 
culturing of hiunan mesencephalon neuron progenitor [cells] 
with combination [sic] of know[n] growth factors is not an 
unexpected finding especially in view of [the] cited prior art of 
record. 

(Advisory Action at page 2). This is an extraordinary claim, which the 
Examiner fails to support with any citation or authority. The Examiner certainly does not 
explain what the "identical characteristics" are that would lead one of skill in the art to equate 
rat or mouse and human neuronal progenitor cells, hi fact, the art of progenitor cell culture 
does not treat human and rat progenitor cells as equivalent. For example, it is expected that 
rodent neural cells will behave differently in response to pharmacologic agonists or 
antagonists. See^ e.g-., Sah et aL^ "Bipotent Progenitor Cell Lines from Hxmian CNS," Nat, 
Biotech, 15(6):574-580 (1997). 

Applicants point out that rat cells are compositions of matter that are 
substantially different from himian cells. The two come from a completely different source, 
have different biochemical markers, and react differently to culture and proliferation 
conditions. Rat cells are considered substantially different than himian cells by those in the 
art. The Examiner has provided no reference suggesting or teaching what modifications of 
the rat neuronal cells should be performed to arrive at the claimed human neuronal cells. 
Moreover, rat cells cannot be used for the same purposes as human cells, For example, one 
would not transplant rat cells into a human patient for treatment purposes because such cells 
would be readily rejected by the patient's immune system! 

The Examiner states that "it would have been obvious ... to substitute the 
immortalized rat neuronal progenitor cells as taught by Hoshimaru et al. and Prasad et al, 
with human mesencephalon neuron progenitors (Boss et al,),^* (Advisory Action, at p. 3). 
This proposed substitution fails because the resulting cells would not be conditionally- 
immortalized human mesencephalon cells. The Examiner, moreover, fails to explain why, or 
in what context, such a substitution may be made. The Examiner's statement also fails to 
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explain how the cell clauns of the instant invention are obvious, because the fact that one cell 
may substitute for another does not mean that the second is obvious in light of the first. 
Applicants note, too, that the Examiner has not suggested that the cells of Boss et al. could be 
conditionally-immortalized. 

Applicants respectfully suggest that the Examiner may have confoxmded the 
product disclosed in the references with the process used to make them. For example, the 
Examiner states that "it would have been obvious ... to substitute the immortalized rat 
neuronal progenitor cells as taught by Hoshimaru et al and Prasad et al with human 
mesencephalon neuron progenitor cells as taught by Boss et al." In essence, the Examiner 
argues that the method of Hoshimaru makes the claimed conditionally-immortalized 
progenitor cells, and the resulting differentiated cells, obvious. In making this argument, the 
Examiner follows essentially the same obviousness analysis disallowed in In re Deuel, 5 1 
F.3d at 1559, 34 U.S.P.Q.2d at 1216. (method of obtaining a DNA molecule cannot render 
obvious the DNA molecule itself). Thus, the general method of making immortalized rat 
neuronal progenitor cells taught in Hoshimaru et al, cannot render obvious the claimed 
conditionally-immortalized human neuronal progenitor cell itself. 

Thus, the combination of Hoshimaru et al., Prasad et al. and Boss et al. 
references do not render the cell of the instant invention, or of claims 6, 13-15, 23 and 24, 
obvious. 

Finally, the Examiner once again rejects claims 7 and 8 in part over Gallyas et 
al.y because the Examiner believes that the reference teaches the characterization of mouse or 
rat immortalized neuronal cell lines by measuring the concentration of various 
neurotransmitters such as GABA and dopamine. Gallyas et al. is irrelevant to claim 7 and 
claim 8 because neither of these claims recites methods for identifying GABAergic or 
dopaminergic neurons. Instead, the claims are directed to conditionally immortalized cells 
that can differentiate into neurons that are GABAergic or dopaminergic. Applicants 
respectfully restate that the Examiner cites Gallyas et al, for the wrong proposition; thus the 
reference cannot be used in combination with any other cited reference to reject claims 7 and 
8. 

5. The Invention Satisfies a Long-Felt Need 

Finally, Applicants point out that they were the first to produce conditionally- 
immortalized human mesencephalic cells, and to differentiate them into mature 
mesencephalic neural cells. This accomplishment satisfied a long-felt need in the art because 
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they would be "valuable research tools," as the Examiner has stated. See^ e.g,^ Lotharius et 
aLy "Effect of Mutant a-Synuclein on Dopamine Homeostasis in a New^ Human 
Mesencephalic Cell Line," /. Biol Chem, 277(41):38884-94 (2002) (submitted herewith as 
Exhibit 7). However, the primary art cited by the Examiner against the present invention 
dates to more than two years prior to Applicants' filing date; the Hoshimaru et aL reference 
published in February 1996 (reporting work that had been done in 1995), and the Boss et al, 
reference claims priority to an application filed in 1 989. In that time, no other parties were 
able to generate conditionally-immortalized himian mesencephalon cells. The Examiner has 
failed to explain why, if the cited references render the invention obvious, and the claimed 
cells and methods were so valuable, no other persons of skill in the art were able to develop 
these cells and methods prior to the Inventors. The clear reason is that the present invention 
is not, in fact, obvious, and its execution far less straightforward and routine than the 
Examiner believes it was at the time of filing. 



claimed invention is not, in fact obvious over the cited art. Applicants therefore respectfully 
request the Board to overturn the Examiner's determination that the claims are unpatentable 
as obvious. 



CONCLUSION 



Thus, for the reasons enumerated above. Applicants believe that the instantly- 
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Exhibit 1 
Claims on Appeal 

1 . A method for producing a conditionally-immortalized human 
mesencephalon neural progenitor cell, comprising: 

(a) plating human mesencephalon cells on a first surface and in 
first growth medium that permits proliferation; 

(b) transfecting said progenitor cells with DNA encoding a 
selectable marker and an externally regulatable growth-promoting protein; and 

(c) selecting an adherent monolayer of the transfected cells on a 
second surface and in a second serum- fi-ee growth medium that permits attachment 
and proliferation, wherein the second serum-free growth medium comprises FGF-2, 
EGF and PDGF, and therefrom producing a conditionally-immortalized human 
mesencephalon cells in which the growth-promoting protein is regulated by an 
extemal factor, such that suppression of the growth promoting protein results in 
differentiation of the cell into a neuron. 

2. The method of claim 1 wherein the first and second surfaces are 
independently selected from the group consisting of substrates comprising one or more of a 
polyamino acid, fibronectin, laminin or tissue culture plastic. 

3. The method of claim 1 wherein the growth-promoting gene is an 

oncogene. 

4. The method of claim 3 wherein the oncogene is v-myc. 

5. The method of claim 1 wherein expression of the growth-promoting 
gene is inhibited by tetracycline, 

6. A conditionally-immortalized human mesencephalon neural progenitor 
cell capable of differentiation into neurons, wherein the cell is transfected with DNA 
encoding a growth-promoting protein that is regulated by an extemal factor, such that 
suppression of the growth-promoting protein results in differentiation of the cell into a 
neiu'on, and wherein the cell is polygonal and grows as an adherent monolayer. 

7. A conditionally-immortalized human mesencephalon neural precursor 
cell according to claim 6, wherein the cell is capable of differentiation into dopaminergic 
neurons. 
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8. A conditionally-immortalized human mesencephalon neural precursor 
cell according to claim 6, wherein the cell is capable of differentiation into GABA-ergic 
neurons. 

9. A method for producing a neuron, comprising culturing a cell 
produced according to claim 1 in the presence of at least one differentiating agent under 
conditions that inhibit expression of the growth-promoting gene. 

10. A method according to claim 9, wherein the cell is cultxired in medium 
comprising tetracycline, 

13. A neuron produced according to the method of claim 9. 

14. A dopaminergic neuron produced according to the method of claim 9. 

15. A GABA-ergic neuron produced according to the method of claim 9. 

23. A conditionally-immortalized human mesencephalon neural precursor 
cell produced according to the method of claim L 

24. A cell according to claim 23, wherein the cell is present within a clonal 

cell line. 

25. The method of claim 9, wherein the differentiating agent comprises the 
combination of forskolin, GDNF and CNTF. 

26. The method of claim 9, wherein the differentiating agent comprises the 
combination of forskolin, GDNF, CNTF, IGF-1 and BDNF. 

27. The method of claim 9 wherein said differentiating agent comprises 

GDNF. 



NY2: 1436359.2 



'(^9yi:*llf8^23'!¥cbru.ry .996 
Neurobiology 

Differentiation of the immortalized adult neuronal P^geidtor ceU 
line HC2S2 into neurons by regulatable suppression of the 
v-myc oncogene 

(Rtrmlnl yeetor/tetrecydtae/electrophyslology) 
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tubo^tory or Genetics. Tt. SoUc lasatute cor Bi^^ 
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ABSTRACT A regulatable wtnivlnil vector la which the 
v-mic oncogene is driven by a tetracydine^ntroUed trans, 
activator and a hnman cytomegalovirus adnunal promoter 
teed to a W operator sequence was used for conditional 
fanmortaUzaUon of adult rat nairoaal progemtor cdls. A 
sinsle done, HaS2, was Isolated and characterized. Two days 
idfto the addition of tetracycline, the HC2S2 cells stopped 
nroliferating, began to extend neurites, and expressed the 
SlSlSike^u, NeuN, neurofilament 200 kDa, and 
glutamic add decarboxylase In accordance '^^^J 
production of the vwityc oncoprotem. Difliwentiated BCXb^ 
iais expressed large sodium and caldnm currents «ndcauld 
rue ^generative action potentials. These results sam^ that 
the suppression of the v-wqw oncogene may be sufTicient to 
make proliferating cdls exit from ceU cyd« and induce 
tenmnal differentiation. The BOSl cdls wOl be valuable for 
stu^Dg tiie differentiation process of neurons. 

Much of our undemanding of the molecular mechanisms thai 
control the development and the function of nervous ^^tem 
cells has been derived from studies of cells in culture. Ooaal 
cultures of progenitor cells are useful for studying aspects of 
th differentiation pathways leading to the formation of ma- 
ture neurons or^ia. Primary cultures of progenitor cells, being 
heterogeneous in nature, do not offer sudi an opportunity. As 
an alternative approach, neural ceU lines have been generated 
by various techniques (1-5), One common ^roach has been 
to immortalize cells by transducing neuroepitfaeUal or neural 
nroeenitor cells from developing brain with retroviral vectors 
en^ding the simian virus 40 (SV40) large tumor (T) antigen 
ormvc oncogenes (1-12). Studies have shown that the immor- 
talimtion process arrests cells at specific stages of development 
and prevents their tenmnal differentiation (9), As a result, celb 
at spwdfic stages in the development can be immortalized and 
used to study the nature and potentiality of the cells at this 
particular stage in the lineage and how they can be further 
differentiated down that particular pathway. 

In neural cell lines developed by constitutively cxpressmg 
oncogenes such as myc, the mitotic activity of the oncogene is 
always present, and cells proliferate continuously in culture (6, 
9, 13), Differentiation of the immortalized progenitor cells into 
neurons may require suffidenl down-regulation of the onco- 
gene, but attempts to induce such terminal differentiation 
often induce apoptosis (14). However, partial differenUation 
f c-myc-immortalized cells has been achieved by treatment 
with growth factors (6). To obtain a regulatable expression of 
the oncogen , a lemperaturc-sensitive mutant of SV40 large T 
antigen (tsA58) has been used for conditional immortalization 
(3, 7, 8, 10-12, 15). At a permissive temperature when the large 
T antigen is expressed, the immortalized cells are undiffcrcn- 

Thc publication costs of this article were defrayed in pan by page charge 
payment This article must Uverefore be hereby marked ^advertisemenr u 
accofdancc with 18 $1734 solely to indicale thb fact 



dated and are multipotent in nature (3, 7. 8), as has been seen 
with myc-immortalizcd cells (6). Although at nonpenmsswe 
temperature the expression of T antigen is considerably down- 
regulated and the cells are not under the mitotic drive of the 
oncogene, the temperature shift results in only mcomplete 
differentiation of cells into neurons (7, 8, 11, 12, 15). A 
combination of factors and substrates b needed to further 
differentiate the cells in vitro (12). A simpler system in which 
the regulatable suppression of oncogene expression in unmor- 
talizcd neuronal progenitor cells could allow their differenti- 
ation into neurons without the help of complex factors and 
subsiratcs would be useful ^ 

To build a system in iibkh the oncogene expression can be 
regulated by exogenous agents, we have taken advantage of a 
tctracydinc-controlled gene expression qfstem (16-19). In this 
system* a tetracydine-controlled transactivator (tTA), whidi ts 
a fusion protein of the repressor (fcf«) of tiie Tn/O-denvcd 
tetracycline-resistance operon of Escherichia coU and the 
acidic domain of VP16 of herpes simplex virus, strongly 
activates transcription from Pk^iv*.!. a minimal promoter 
from human cytomegalovirus (hCMV) fused to the tetracy- 
cline (fcf) operator sequences in the absence of tetracycline. 
Low concentratpns of tetracycline (0.01-1.0 ^tg/ml), at which 
no toxic effect is evident, ahnost completely abolishes tran- 
scription acUvaUon by tTA (16, 17). Using this vector qfstem, 
we constructed a retroviral vector (LINXv-#n>r) in which the 
v-myc oncogene is transcribed in a tetracydme-rcgulaied 
fashion. Neural progenitor cells cultured from adult t^ wp- 
pocampus were transduced with the retroviral vector UNXv- 
myc. and a stably transfected colony was isolated and ©rown. 
Here we report that tetracycline suppresses the produc^ of 
v-myc and aUows the progenitor cells to terminally differen- 
tiate into neurons. Since the progenitor cell Une differentiates 
mto neurons only, we may have unmortaltzed a ceU that has 
already been committed to a neuronal lineage. This cell line 
wOl be useful for studying the mechanisms of cell differenti- 
ation in vitro, 

EXPERIMENTAL PROCEDURES 

Vector Constructioo, The retroviral vettor UNXv-myc was 
constructed as foUows: the 1.02-kb£coRl-BamHI fragment of 
the tTA was excised from pUHDlS-l (16) and inserted into 
pHEN A (20) just upstream of the internal ribosome entry sit 
(IRES) of the encephalomyocarditis virus. The resultant 
178-kb £coRV-*imHI fragment containing tTA, IRES, and 

Abbreviations: FGF-2, basic fibroblast growth Caclor, tTA, tctraqr- 
dine<ontrollcd transactivalor, IRES, internal nbjwonwl 
GAD, ghitanuc add decarboxylase; GFAP, gUa farillary actdic pro- 
tein; SV4a simian virus 40; T, tumor LTR, long terminal repeat; 
NFa ncuroaiamcnt 200 kDa. f«;^rv 
♦Present address: Department of Neurosurgeiy, K>t)to University 
HcspitaU 54 Shogoin Kawahara-cho, Sakyo4ai, Kyoto, W> Japan. 
'To whom reprint rcqufsi!: should be addressed. 
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neomycin phosphotransferase was inserted into the pol^ioker 
site (Hap I and BamHl) of LXSHD (21), Then, the portion of 
LXSHD spanning the SV40 early promoter and histidinol 
dehydrogenase cDNA was replaced by a Pwayiv.rV^ (3-32 
kb) fragment PfaCMv*-i was derived from pUHDlO-3, and a 
187-kb Sac l-Sph I fragm nt of v-myc was denved from 
pMC38 (American Type Culture Cbllection). 

Ceil Odtme. All packaging and producer ceU lines were 
cultured in Dulbecco*s modified Eagle's medium (DMEM) 
with 10% fetal bovine serum, 4^2 cells were transfected with 
10 |ig of UNXv-m^ plasmid DMA by the cakram phoq;)hate 
procedure. Vinis-containing medium collected from ^2 cells 
2 days after transfection was used to mfect the am(Aotropic 
PA317 cells. One day after the infection, the ceQs were split at 
a 1:10 ratio, plated, and selected for G418 (400 |ig/ml) 
resistance. Colonies were picked after selection for 8 days and 
tested for the proper integration of the vector, production of 
v-fnyc, and the titer of the retrovirus. 

Cells from adult (3-month-old) rat hippocampus were iso- 
lated and cultured as described (22) with the following mod- 
ifications. C^Us isolated from tissue after enzymatic dissocia- 
tion were resuspended in DMEM/Ham*s F-12 (1:1, vol/vol) 
high glucose medium (Irvine Scientific) contaming 10% fetal 
bovine serum and then plated onto uncoated plastic tissue 
culture flasks (1 x 10<* cells per 75 cm^ flask). The cells were 
grown at 3Tt: m a 5% CCb incubator. The next day, the 
serum-containing medium was replaced with serum-free 
DMEM/Ham's Frl2 medium containing N-2 supplement (m- 
sulia at 5 f<g/ml, hiunan transferrin at 50 ftg/ml, 20 nM 
progest rone, 100 $M putrescine, 30 nM sodium selenite, 2.5 
mM glutamine; GIBCO) and basic fibroblast growth factor 
(FOF-2; hmnan recombinant) at 20 ng/ml. Confluent cultures 

f cells were passaged to polyomithine/lammin-coated plates 
and cultured. Proliferating cultures, maintained for about a 
year through 19 passages were split at a 1 :3 ratio and 1 day later 
infected for 20 hr with a mixture of one volume of the 
conditi ned medium of the producer cell line and two volumes 
of DMENl/Ham's F-12 containing N-2 supplements, FGF-2 at 
20 ng/ml and Polybrenc at 4 ^ml The infected cells were 
split at a 1:4 ratio and selected in the presence of G418 (100 
fig/ml). 

Northern Blot Analyses. Total RNA was isolated by the 
CsCl/guanidinium thiocyanate method (23). Fifteen micro- 
grams of total RNA was separated on formaldefayde/^arose 
(\5%) gih and transferred onto a Magnagraph nylon mem- 
brane and probed with randomly primed v-myc or <^ophilin 
(pBlB15). 

Inumuionaorcsccace Staining. CeUs were plated in the 
absence or presence of tetracydine (I fig/ml) onto Lab-Tek 
glass chamber slides (Nunc) coated with polyomithtn/laminin 
and cultured for I (without tetracydine) or 5 (with tetracy- 
cline) days and then fixed for 10 min with 4% paraformalde- 
liyde. The cells were incubated sequentially with the primary 
antibody in PBS containing 4% donkey serum and 03% Triton 
X-100 overnight at 4^ followed by fluorescein isothiocyanate- 
conjugated secondary antibody (Jackson Immunoresearch 
Laboratories; used at 1'.500) for 4 hr at room temperature. 
SUdes were mounted in 24% glycerol and 9.6% poly(vinyl 
alcohol) containmg 15% l.4-diazobycycIo[12J21oclane. The 
monoclonal antibodies used were to tau (Boehringer 
Mannheim; used at 1:250), neurofilament 200 kDa (NFH) 
(clone RT97; Boehringer Mannheim; used at 2 mg/ml), and 
NeuN (used at 1-.5; ref. 24); polyclonal antibodies used were to 
vimentin (Amersham; used at 1:10), glial fibrillary addic 
protein (GFAP) (Chemicon; used at 1:2000), nestin (used at 
1:10.000), and v-myc (Upstate Biotechnology; used at 1:8000). 
For immun fluorescent stair ing for bromodeoxyuridine (Brd- 
Urd), celb were incubated with BrdUrd (Amersham; used at 
1:1000) for 18 hr, fixed with 95% ethanol/5% acetic add, and 
then incubated with m nodonal anti-BrdUrd anUbody (Am- 



ersham; undfluted). Immuruneactrvity was detected with anti- 
mouse biotinylated IgG f Uowed by strepuvidin-Texas Red 
conjugate. 

Confocal miaoscopic Images of cells were obtained using a 
Bio-Rad MRC600 confocal microscope equipped whh a kryp- 
ton/argon laser and coupled to a Zeiss Axiovcrt microscope. 
Images were collected sequentially using the K1/K2 fiher 
blocks matched to the appropriate exdutioo filter for each 
channel Transmitted light unagcs of differential interference 
contrast optics were captured in registration with the fluoresr 
cent signals using the transmitted field detector. Instrument 
settmgs to predude badcground fluorescent signals were set 
against a n^ative control well where the primary antibodies 
had been omitted; gain and black leveb were adjusted to 
predude any signal from this weD before imaging other wells 
for positive sigiuL Collected digital images were composited in 
ADOBE PHOTOSHOT 3.0 and printed on a Fujbc Pictrogra|Hiy 
3000. Phase-contrast unages were photographed m a >nkon 
Diaphot using T*Max fihn and the negatives digitized using a 
Leaf Lumina. These images were printed as described above. 

Reverse PCR Analysis. One hundred nanograms of total 
RNA was reverse transcribed using avian myel<^lastosis virus 
reverse transcriptase (Promega) with random hcxameis (10 
$M) as primers in a 20-|d reaction miicture containing 10 mM 
Tris a (pH 8.4), 50 mM Kd, 3.8 mM MgCh, 1 mM eadi 
dATP, dTTP. dCTP, and dGTP, and 20 units of RNasin 
(Prom^). After 75 min at 42^ the reaction was temunated 
by heat inactivadon at 95^ for 5 mis. For PCR as^lification, 
several sets of qiecific oligonudeotide pairs (10 ng/id) were 
incubated with the above reaction mixture and.5 units of Taq 
polymerase (Perkin-Elmer) in a lOO-fd reaction mocture con- 
taining 10 mM Tris Q (pH 8.4), 50 mM Ka 1 mM MgQi, and 
2 ftQ of [a-^JdCrP (1 a = 37 QBq). Qde parameters were 
2 min at 94^0, 2 min at 60°C, and 2 mm at 7rC for 23 cydes 
followed by a final 10-min incubation at 72°C Forty microliters 
of each reaction was analyzed by dectrophoresis on 8% 
polyacrylamide gels followed by autoradic^graphy. Control 
experiments using primers for the rat ribosomal protein L27a 
(internal control) shdCved that the amount of amplified PCR 
product was directly proportional to the amount of input RNA 
after 23 cycles of amplification (data not shown). The se- 
quences of genomic DNA between two primers were selected 
so that they contained one or two tntrons for discrimination 
between products from RNA and contaminating genomic 
DNA* The following oligonudeotides were used as primers 
(nucleotide portions are shown in parentheses): rat ribosomal 
protein L27a (25) 5' primer 5'-ATCGGTAAGCACCG- 
CAAGCA.3' (69-88), 3' primer 5'-GGGAGCAACrOCAT- 
TCrTGT.3' (302-283); rat GFAP (26) 5' primer 5'-ACCT- 
CGGCACCCrGAGGCAG-3' (459-478), 3' primer 5'-CCA- 
GCGACrCAACCrTCCTC-3' (599-580); r at glutami c add 
decarboxylase (GAD) (27) 5' primer 5'-AAGGTTTTGGAC- 
TTCCACCAC-3' (589-609), 3' primer 5'<ATAAiGAA- 
CAAACACGGGTGC-3' (855-835); rat NFH (28) 5* primer 
5'-GAGGAGATAACrGAGTACCG-3' (247-266), 3' primer 
5'-CCAAAGCCAATOCGACACrC-3' (548-529). 

Electrophyslology. The whole-cell configuration of the 
patch damp technique was used to study voltage-gated cur- 
rents. Pipettes (3- to 5-Mn resistance) were pulled from 
Boralcx glass (Rochester Sdentific), coaled with Sylgard (Dow 
Coming Corp.) and fire-polished. They were filled with inter- 
nal solution c ntaining 108 mM cesium methanesulfonate, 4 
mM MgOz, 9 mM EGTA 9 mM Hepes, 4 mM ATP, 14 mM 
creatine phosphate (Tris salt), 03 mM GTP (Tris salt), and 
creatine phosphokinase (50 units/ml) at pH 7.4 with CsOH. 
Whole-cell recordings were initial^ established in the bath 
solution nVrode's: 150 mM NaO, 4 mM KCt 2 mM MgOr. 10 
mM glucose, 10 mM Hepes (pH 7.4 with NaOH), 2 mM OQ: 
and, in some cases, 4 mM BaOi added]. Sodium currents were 
characterized in this bath solution, whereas caldom cuncnts 
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were assessed with external solution containing 160 mM 
tetraethylammonium chloride, 10 mM BaQif 10 mM 
Hepes (pH 7.4) with tetraetl^ammonium hydroxide and 1 ^ 
tetrodotoxin (Sigma) added External solutions flowed from 
an array of microcapillary tubes (internal diameter, 140 /tm), 
driven by gravity; solution exchanse was complete in less than 
500 msec. 

Whole-cell currents were recorded using an Axopatch 200A 
patch clamp amplifier and the basic-fastlab interface system 
(Indec Systems, Santa Cruz, CA). Voltage-dependent currents 
were filtered at 10 kHz (4-pole Bessel low-pass) and digitized 
every 25 fts (sodium current) or 50 fis (calcium current). Series 
resistance compensation was employed, typically for 80-95% 
of the series resistance measured from the uncompensated 
capacity trandent (dividing the decay time constant by cell 
ca^dtance) or from the potentiometer used for nulling the 
capacity transient Data were accepted for sodium and calcium 
current only if the remaining voltage error (calculated as the 
current times the uncompensated series resistance) was <1 
mV and if voltage control was adequate as judged by a graded 
increase in peak current as test depolarizations were increased. 
Reported potentials have been corrected for a liquid junction 
potential -of -10 mV between the internal solution and the 
Tyrode's solution in which the pipette current was zeroed 



before sealing onto the celt. Sodium and calcium channel 
currents were corrected for leak and capacitative currents by 
subtraction of an appropriately scaled current elicited by a 
h}perpolarizaliou from -80 mV to -90 mV. All experiments 
were done at 21-25''C Statistics are given as the mean ± SEM. 

RESULTS 

Design of the Vector and Generation of the Producer Cell 
Line, The control elements of tetracycline-resistance operon 
encoded in EL coli TvdO have been used to generate a 
tetracydine-regulatable vector system (16, 17). In this vector 
the prokaryotic tet repressor was converted to a eukaryotic 
transactivator by fusion of the repressor with the activating 
domain (C-terminal) of herpes simplex vims VP16 proteiiL 
This transactivator strongly activates transcription from the 
minimal promoter PbCMv-.t fused to tet operator sequences 
(16). Although this promoter has very low basal activity in 
HeLa cells or in most tissues of transgenic mice, the synthesis 
of tTA activates the PhCMv.i promoter (16-19). Using this 
vector system, we constructed a retroviral vector to e.Kpress the 
v-myc oncogene from the PhCMv.i promoter in a tetracydine- 
rcgulatcd fashion (F^ 1^4), The long terminal repeat (LTR) 
of Moloney murine sarcoma vinis transcribed a 7.8-kb mRN A 



LTR 




Tc(+) 



v^nyc 



8rdU 




Fig. I . Structure of UNXv-m>r. {A) The LTR transcribes the 7.84db mRNA« which produces two proteins: (TA and neomycin phosphotrans- 
ferase (neo), with the assistance of the encephalomyocaiditis virus IRES. {B) In turn, fTA activates the tTAniepcndent promoter (PbCMV*.i) and 
transcribes the li*kb mRNA, which produces the v^r oncoprotein. (C) TetracycUoe inhibits the ability of tTA to transcribe the 33-kb mRNA. 
(O) immunofluorescence staining of HC2S2 ocUs for v-m>r and BrdUrd. The HC2S2 cells were grown in the ab^nce of tetracydtne [Tc(-)| for 
1 day {a and c) and in the presence of tetracycline [!*€(+ )| ( I Mg/ml) for 2 days (^ or 3 days (6). The cells were stained with anti-v^r antibody 
{a and 6) or incubated with BrdUrd for 18 hr and stained with unti-BrdUrd antibody (c and </). 
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coniaining both iTA and ne mycin phospholransCcrasc genes 
by means of an IRES (Fig. IB). The tTA binds to tei peral r 
sequences present in the hybrid promoter in the absence of 
tetracycline and stimulated transcription from Phcwv-i \ 
yield a 33-kb mRNA, which produced the v-myc ncoprotcin 
(Fig. IB). Tetracycline (1 itg/nA) suppressed the function of 
the tTA aJmosi completely and inhibited the production of 
y-myc (Fig. \C). An amphotropic producer cell line producmg 
UNXv-mw retrovirus was selected and expanded. The virus 
had a liter cf 10* colony-forming units per ml for NIH 3T3 cells 
and did not contain helper viruses. ^ „ , 

Is lation oflmmorlalizcd Neuronal Progenitor Cells, Cul- 
tured adult rat hippocampal cells were infcaed with the 
UNXvwn>*c retrovirus and selected for stable transfectanls. 
One culture consisting of several colonies, HC2, showed some 
cells with neuronal morphology 3 days after the addition of 
tetracycline at 1 /ig/mL HC2 cells were plated at low density 
(1:1000), and a single colony was isolated (HC2S2). 

The HC2S2 cells were polygonal and had very small pro- 
cesses (Fig. 2A ), Southern blot analysis showed that these cells 
had a single retroviral genome integration site and therefore 
can be considered a single clone (data not shown). Tlie HC2S* 
cells grew verv rapidly (doubling time of 12 hr) and were not 
" c niact inhibited for growth. However. 2 days after the 
addili n of tetracycline at l.O ycg/ml the cells stopped divid- 
ing. Most of the cells becanu; phase-bright and started to 
extend processes, which began to be interconnected by 3 days 
after the addition of tetracycline (Fig. IB)- BrdUrd incorpo- 
raiion studies showed that, when grown in the absence of 
tetnic>x:linc, essential^ all HC2S2 cells incorporated BrdUrd 
(Fig. IDa). However, tetracycline treatment for 2 days fol- 
lowed by incubation with BrdUrd resulted in only 1-2% of the 
cells incorporating the label (Fig. IDd), 

Northern blot anaWsis showed the production of lai^e 
amounts of 3i;-kb v-myc transcript in HC2S2 cells grown in the 
absence of ictracvdine. HowcN-er, amounts of the transcnpt 
were reduced after the addition of tetracycline. These results 
suggest that tetracycline can regulate the transcription of v-ir^^ 
from the hybrid promoter in the HC2S2 cells (Fig. 2C), The 
transcription from the LTR promoter was also reduced (Fig. 
'^O At the protein level, the expression of y-myc oncoprotein 
in the nudeusof the HC2S2 cells M,-as also down-regulated after 
the addition of tetracycline (Fig. I Da and Db) Although the 
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suppression of v-myc production b>' teiracycUne was enough to 
st p proliferation of the HC2S2 cells and induce differentia- 
tion, the suppression of the oncogene was not complete. 

Suppression of tb vnnjrc ProducCion Is Soffident to Dif- 
feientiate Immortalized Neurooal Prt>gealtor Cdls into Neo* 
rons. The expression of the neural precursor cell markers 
nesttn and vimentin and the neuronal markers lau, NeuN, and 
NFH in HC2S2 celts under proliferatWe and differentiating 
conditions was examined. When grown in the absence of 
tetracycline, cells expressed nestin and vimentin (data not 
shown). Ahhough a few cells were cytopSasmically stained by 
the anii-NFH anUbody (Fig. 3/1). no staining of cells by the 
antl-tau or anti-NeuN anUlx)dies was observed (Fig. 3 C and 
£). Five days after the addition of tetracycline, almost all cells 
in culture became positive for NFH, and over half of the cells 
became positive for uu and NeuN (Fig. 3 ft D, and f). Cell 
bodies as well as processes were stained by the aiiti-NFH and 
anti-tau antibodies (Fig. 3 B and D), and nudci were stained 
by the anti-NeuN antibody (Fig. 3F)- However, nestin and 
vimentin staining was no longer present in the ceUs (data not 

ShON^ll). 

In parallel to ihe immunological studies, PCR analyses 
showed the expression of differentiated neural cell markers by 
HC2S2 cells. Designs for primers predicted PCR products of 
234 bp for the ribosomal protein L27a, 267 bp for the adult type 
of GAD, 353 bp for the embryonic type of GAD, 141 bp for 
GFAP, and 302 bp for NFH. The primer design for GAD can 
discriminate betu'een the embryonic type of GAD, whidi b a 
truncated inactive enzyme, and the adult type of GAD, which 
is an active enrvme (29). The PCR study demonstrated a 
marked increase of both types of GAD mRNA in the differ- 
entiated HC2S2 cells 3 days after the addition of ictracydme 
(Fig. 4). A very weak NFH PCR product was deteaed in the 
HC2S2 cells crown without tetracydine and paralleled the 
fmdinc that only a few cells were immunoreactive for anti- 
NFH,"Howeveri there v(^s an increase of the NFH PCR 
product after the addition of tetracydine (Fig. 4). GFAP 
mRNA could not be detected in cells grown with or without 
tetracycline (Fig. 4).*^ * 
Immortarized Cdls Express Sodium and Calcium Currents 
After Suppression of vhitjfc Production. Electrophysiological 



Fig •> The cultures derived from a single done (KC2S2) were 
crown in the absence of ictraodinc for 2 days i^)or in t»«j;;<^"^^ 
if ictracvdine ( I jig/'ml) for 3 days (B). {€) The Nonhcm blot analysis 

frxMn PhCMvv, {3.5.kb mRNA) in ihc cells grown in the absence 

K-)irpre«ncclTc(^)loftetracydine T^^ 

Lamed wiih clhidium bromide is presented as an internal control. 
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Fic. 3. Immunofluorescence rtabing for 
cells were grown in the absence of tetracydine ITc( -)l ^'/^J;^- 
C and £) or in the presence of tetracycline \Tci 
da)-s (ft D, and n The celU were stained with ^ 
a;: 1 B), anti-tau antibody (C and D). and anli-NeuN anltbodv- (£ and F) 
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tec rdings from riC2S2 cells after growth in proliferative and 
differentiating conditions provided addiuonalcvidcn« tot 
differentiated HC2S2 cells represent neurons (Fig. 5). HObZ 
cells were examined with whole^cU voltage damp after 
growth in proliferative (FGF-Z, -Tc) and differentiating 
fFGF-2, +Tc for 6 days) conditions. In prohferatwe condi- 
tions, cells were quiescent, exhibiting virtually no soctium (5 ± 
1 pA/pF; 12 cells) or calcium (4 i 1 pA/pF; 11 cells) current 
After Mowth with tetracycline, substantial sodium and calcium 
currenlsvrere present (Fig. 5^ ^'T? i1 

restored sodium and calcium currents (Fig. SQ were 96 t: 18 
pA/pF (16 cells) and 21 ± 3 pA/pF (10 ccUs), i«pc^ively 
which is simflar to those present in primary, differentiated fetal 
rat hippocampal cells in culture (D.W.Y.S., unpubtehed ob- 
servafions). Sodium and calcium currents were acttvated at 
potentials more positive than -40 mV, peaked at -10 ± 2 mV 
no cells) and -3 ± 2 m V (4 cdls), and reversed at 78 i 2 m V 
(8 cells) and 55 i 9 mV (3 cells), respecthrely. The restored 
sodium current in differentiated HC2S2 cells was of the 
neuronal form, exhibiting a voltage dependence of inartiyation 
with a midpoint of -60 ± 1 mV (14 cells) and rapid kmetics 
(tfane-to-peak of 0.8 ± 0.1 msec; 13 cells). In addition, the 
restored sodium current was blocked by 1 f^M tctrodotoxm 
(95% ± 1% inhibition, 6 cells). Concomitant with sodium 
current induction, HC2S2 cells acquired the ability to fire 
rcgeneratwe action potentials after differentiation with tetra- 
cycline (data not shown). 

DISCUSSION 

Advances in cell and molecular biology are predicated on 
reliable and versatile in W/ro systems. The paucity of brain- 
derived neuronal cell Uncs that can differentiate into mature 
neurons in vitro is a hindrance to a more complete under- 
standing of the central nervous system at ceUular and molec- 
ular levels. The temperature-sensitive variant of SV40 large T 
antigen (tsA58) has been Uie main choice for the conditional 
immortalization of the neuronal progenitor cells (7; 8, 10-12, 
15). However, most of the studies have failed to demons&ate 
full differentiation of the immortalized cells by simply switch- 
ing the temperature from a permissive to a nonpermissive one 
(7,8, 11, 12. 15).Thepresenceof severalcytokines,orforskolin 
or growth factors on specific substrates, in addition to shifting 
the temperature, is needed for tiie differentiation of immor- 
talized precursor cells (11, .12). Although some of these cell 
lines express NFH after differentiation, Uie precursor cell 
marker nestin is stiU expressed m tiicm (8, IS). These results 
may mdicate tiiat, although the cells express the marker for 
differentiated neurons, cells are still in the precursor state and 
not fully differentiated. A simpler system in which the pro- 
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Fig. 4, PCR products of embryonic (E) type of GAD (353 bp), 
adult (A) type of GAD (267 bp), ribosomal protein L27a (234 bp), 
GFAP (141 bp), and NFH (302 bp) detected in the cclb grown in the 
absence {Tc(-)| or presence n'c(+)l of tetracycline. NFU neurofila- 
ment 68 kDa (155 bp). 
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duction of oncoprotein can be regulated by ezogen us agents 
to induce differentiation of tiie progenitor ccUs wiU be useful 
Recentiy, the bacterial tetracydinc-rcsistance operon regu- 
latory system from £. coU TtdO has been used to develop a 
tetracydine-responsivc promoter system for eukaryotic celb 
(16, 17). The system fimctions well in mammalian cells (16) and 
has been used to generate transgenic mice (18, 19). Transgene 
expression can be temporally regulated in most tissues of the 
animal by providing tetracycline exogenously (19). The vei^or 
has also been used to control SV40 large T antigen expression 
and conditional transformation of panaeatic p cells m trans- 
genic mice (18). In tiiis experimental system, the expression of 
T antigen can be inhibited in vivo by providing tetracycline to 
the animals, but the oncoprotein expression can be restored by 
removal of the drug. We constructed a retroviral vector m 
whidi tiic expression of v-myc oncogene is transcribed by the 
tetracydine-rcsponsive binary system. The transcription of 
v-myc from die hybrid PhCMv-i promoter in hippocampal 
neuronal progenitor cells was found to be efficient and strong 
enough to immortalize tiiese cells. Although the down- 
regulation of v-myc production by tetracycline was enough to 
stop proHfcration of the HC2S2 cells and induce differenUa- 
tion, the suppression of v-myc mRNA and protein was not 
complete. To date, tiiis vector has only been used to immor- 
talize progenitor cells frpm ajdult rat hippofampus. U wm 
important to immortalize progenitor cells from other brain 
regions to examine the regional spcdfidty of tiie differentia- 
tion process. 
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Fio. 5. CclU were grown with FGF-2, without ( -Tc) or witii (+Tc> 
tetracycline for 6 days. (/I) Sodium cuircnts eUcited by dcpolaruattoos 
ffum a holding potential of -80 mV to test potentials of -50, -30, 
-iO, 10, and 30 mV. (fl) Calcium channel currents ebated by 
depolarizations from a holding potential of -80 mV to test potwttials 
of -4a -20, a and 20 roV. (Q Average sodium (In«) and calaum 
channel (I&i) current densities after growth witii or without tetracy- 
cline. Current densiUcs are current amplitudes normalized to total cell 
capacitance. Each bar represents the mean from 16 (W +Tc>, 12 (W 
-Tc), 10 (Ib., +Tc), or U (In* -Tc) cells; error bars indicate the 
SEM. 
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The diffccendadon of HC2S2 cells to neoroos was demon- 
strated by morpholo^cal and imimmocytodieinical character- 
istics f cells. Netmms with phase-bright cell bodies utd 
inteiconaected long and thin processes eqmssing spedCc 
neuronal markers, tau, NFH, and NeuN were observed. In 
addition, unlike temperature-sensitive tsA58 immortalized 
cells, the HC2S2 cells stop e]q}ressing nestin upon differenti- 
ation (data not shown). Qectrophysiolo^cal studies have 
prodded further evidence for the differentiation of HCZS2 
cells into neurons. Cells treated with tetiai^dine acquired 
large sodium currents and the ability to fire action potentials. 
Moreover, the induced sodium current was of the neuronal 
form, exhibiting rapid kinetics and a midpoint of inactivation 
of -60 mV (compared to a midpoint at -80 to -85 mV m ^ 
cells; reL 30). The restored calcium current was of the hig^- 
threshold dass, based on the voltage dependence of activation 
and lack of mactivation (31). Thus differentiated HC2S2 cells 
exhibit functional properties essential to central nervous ^ 
tern neurons: sodium current, which is necessary for initiation 
and propagation of the action potential, and csddum current, 
which is required for neurotransmitter release. Taken to- 
gether, these results suggest that HC2S2 cells were derived 
from an immortalized neuronal progenitor cell and that they 
can be diffemidate^ neurons after sui^ression of the 
v-#7iyc oncogene. Moreover, smce these cells are derived from 
the adult hqipocaio^us, progenitor ceUs with the potential for 
neural differentiation must edst in the adult nervous system 
and they are amenable to isolation and expansion in viira It is 
now possible to study the mechanism of the ceU cyde arrest and 
subsequent differentiation into neurons that is induced 1^ the 
down-regulation of the overexpressed v-mpc oncogene. 
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Summary 

This investigation reports for the first time the establishment of immortalized clones of dopamine-producing nerve cells 
in culture. Freshly prepared single^eU suspensions from fetal (12^y-old) rat mesencephaUc tissue were transfected vath 
plasmid vectors, pSV3neo and pSVSneo, using an electroporation technique. Cells were plated in tissue ^ultiue jLshes 
which were precoated with a special substrate and contained modified MCDB-153 growth medium with 10% heat 
inactivated fetal bovine serum. The immortalized cells were selected by placing the transfected cells in a selection medium 
(modified MCDB-153 containing 400 Mg/ml genetidn). The survivors showed tfie presence of T-andgens and were 
non-tumorigenic. Two ceU lines, IRB3 derived from ceDs transfected with pSV3^ and 2RBs derived from cells trans- 
fected with pSVs^ revealed only 1 to 2% tyrosine hydroxylase (TH).positive cells. Repeated single^U clomng of these 
ceU lines by a standard technique faded to increase the number of TH-positive cells in any clones. Using three cycles of 
growth, alternating between hormone-supplemented, serum-free medium and serum-containing medium produced a ceU 
Une (1 RB3A) that was very rich in TH-positive cells. The recloning of 1RB3A yielded clones some of which contamed over 
95% TH-positive cells. These ceils produced homovanillic acid, a metaboUte of dopamine, and may be useful not only for 
neural transplant but also for basic neurobiological studies. 

Key words: immortalization; dopamine-producing cells; homovanillic acid; T-antigens; tyrosine hydroxylase. 



I^TTRODUCnON 

Fetal central nervous system (CNS) and adult peripheral nervous 
tissues have been transplanted into the brains of animals with spe- 
cific lesions that are produced by chemical treatments or surgical 
procedures. These tissue transplants have produced some short- 
term improvements in behavior deficits of these animals 
(2,5,6,9,10,14,16,20,36,41-43), Homologous human fetal mes- 
encephalic tissue or autologous adrenal medulla has also been 
grafted into the brains of several patients with advanced Parkinson- 
ism (1,12,13,17,18,23-26,28-30,38), and some beneficial ef- 
fects in a few cases have been reported. The use of homologous fetal 
CNS tissue in neural transplants is limited by ethical issues, limited 
tissue availability, and some inherent biological problems. The lat- 
ter includes: a) The presence of donor tissue associated antigen 
presenting cells that induce rejection of grafted tissues (2 1); b) poor 
survival of grafted nerve cells; c) small number of dopamine (DA)- 
producing cells (about 5%) in tissue; and d) heterogeneity of cell 
populations. To overcome some of the above difficulties, the cslab- 
Ushment of clonal lines of immortalized dopamine-producing nerve 
cells would be of great value. 

The establishment of immortalized nerve ceils has been reported 
by using methods that include somatic cell fiision (8), U-ansfection 
widi retroviral vectors carrying T-antigen genes from SV40 virus 
(11), or c-myc or N-myc oncogenes (3,4), and plasmid vectors 



carrying the SV40-T-antigent gene under the control of a promoter 
sequence from the gene encoding the rat corticotropin-relcasing 
factor (32). In addition, immortalized brain cells from transgenic 
mice carrying polyoma virus large T-antigen genes have been estab- 
lished (15). However, they have not been characterized adequately 
with respect to growth, differentiation, and tumorigenicity. In addi- 
tion, there is no published study on establishment of immortalized 
clonal cell lines fi^m rat fetal mesencephalic tissue by plasmid 
vector, pSVj^ and pSVj^^ carrying T-antigen genes from SV40 
and polyoma virus, respectively. We now report, for the first time, 
the establishment of immortalized cell lines (IRB3 and 2RBs) from 
rat fetal mesencephalic cells by transfecting, freshly prepared, sin- 
gle-cell suspensions with plasmid vectors, pSYj,* or pSYj--. These 
immortalized cells produce T-antigens, exhibit neural-specific pro- 
teins, produce dopamine, lack detectable levels of MHC class I and 
class II antigens, and are non-tumorigenic. Several clones of puri- 
fied tyrosine hydroxylase (TH)-positivc celb which produce dopa- 
mine have been isolated from IRB3 cell line. 

Materials and Methods 

Transfection of freshly prepared cell suspensions with plasmid vectors 
pSV^ or pSVy^ The mesencephalic tissues from 12-day-old rat cm 
bryos were removed, pooled and incubated at 37** C in the presence c 
0 25% trypsin in phosphate buffered saline (PBS) for 15 rain. After incuba 
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^ I. Immunofluorescent staining of immortalized fetal mcsence- 
e odls (2RB5 derived from transfection of cells with pSVj-.) treated 
* primary antibody to T-antigen showing positive staining (B). the same 
ttndcr phase contrast showed neuronal cell morphology (A). X400. 



' *e trypsin solution was removed without cenlrifugation, and the tis- 
^ thoroughly mUed in modified MCDB-153 growth medium (37) 

10% heat mactivated fetal bovine senim. The cell suspension 
**«rifuged and the pcUct was resuspcnded in MCDB growth medium. 

(0.8 ml) of this was transferred to an electroporalion chamber 
^ oaX and incubated in the presence of 100 ft^ of plasmid vectors. 



pSVs- or pSVs— (American Tissue Culture Collection, Rockvilk- UT- * 
10 min in ice. The vector? pSVj-. and pSV,-. carry T-antj gen pgr^ ^ 
polyoma and SV40 viruses, respectively, and a iicomydn-fcs«s« ^ 
(39). After incubation in ice, the cells were mixed, clcctroporaied a: 
25 ^iF, 0.7 ms, and incubated again in ice for 10 oiin. The c^^^^^ 
placed in 100-mm tissue culture dishes which were prccoated wiifc^^ 
substrate (22). The fresh growth medium was changed after 48 L 
cells became confluent they were replated in new precoaled fe fate * 
the exponential phase of growth were treated with a lethal cooceifln^- 
gencticin (400 /ig/ml) for 14 days. Two ccU lines (2RBs derivtsd >- 
transfected with pSVj-. and IRBj derived from ccUs iransfrs^- 
pSV,— ) were isolated and characterized fiirthcr with resped ^ - 
morphology. T-antigen, and ccU-spedfic markers. 

Grtwth media and speciaUzed substrain. Initially, tissue oahnr- 
precoatcd with a special substrate (22) were necessary for the jy-^ 
transfected cells. However, at a Uter time (about 6 mo. after ^ 
the immortalized cells did not require a special substrate for P^"''^^ 
were grown in regular tissue culture dishes. The immortaliad cefc? 
modified MCDB-153 medium (37) with 10% heat inartivate d teai. ^ 
scnim for their initial growth. However, after about 1 yr 
cells started showing slow growth and degeneration in modified M.- 
medium. When the cells were shifted to n2 medium co^-;^. 
agamma^obulin newborn bovine scrum or RPMl medium wii 1 
bovine seivm, they recovered and grew welL Subsequently, rr^ ^ 
faster by iout 30% m RPMI than in F12 growth roe&um. 
removed from the dishes by washing them once with 0.25% «r?ps»^^*^ 
(Ca-free minimal essential medium containing 1 mAf EDTA) anc 
bating'them at 37** C for about 7 min. ^ 

DemonstradonofT-anUgcn. Rat immortalized adherent oefe 
in Lab-Tek diamber sUdes were washed with PBS , air dried at rocwr 
ature, and fixed in acetone for 5 min. The ceDs were covered w<r 
dilution of a mouse monoclonal antibody anti-SV40 T- «tftfrr 
gene Science, Manhasset, NY) and incubat^ at room tempq»«^ ^ - 
min The slides were then washed wth PBS for 5 mm and moato^ - 
min with flourescein isothiocyanate (FTTC) conjugated goat 
(Capple Lab. CA). The sHdes were washed again in PBS for ^ 
mounted with Vectashield mounting medium (Vector LaboraianR> ^ 

land Hills. CA). The slides were observed under a fluorescMiwi*'^*-^ 
with inddentHght (Zeiss. (Germany), Negative controk were pre?«n^ ^ 
ing the same procedure but substituting the primary antibody ^ 
PBS or a 1:50 dilution of normal mouse serum in PBS. 

Demonstration of ceU-specific m^yken. Cells from ihc 2Rk « 
grown on diamber slides were processed for irnmunocytoc fagwcsr 
the peroxidase anti-peroxidase (PAP) technique or indirect ' ^ ^^^ 
scence. Fixation for neuronal markers was in 4% parafon*-^^*^ 
-hO.2% ^uteraldehyde for 30 min at room temperature, tbc \^ 
exchanged, and chambers incubated an additional bot g^ ^4' - ^ 
rhitmbers were then washed and incubated fori hat room teny.^^^*^ 
specific antibodies to neurofilament (NF160; 1:1000 <Ehiii«K 
hydroxylase (VH; 1:500 dUution) or choline acctyltranrfer.^ 
3:1000 dflution). One set of sUdes was also incubated wA ^ 
antibody for the gjial marker, ^ fibrillary acidic protein (G. A 
Fixation of GFAP was in 100% acetone for 10 mm at --T 
incubation in primary antibody, cells were washed and incubatrc r 
ary antibody, either goat anti-rabbit flourescein conjugate {icc ff^ 
primary antibodies) or goal anU-mouse riiodamine conjugaif|to- ' 
nal primary antibodies) for 30 min at room temperatu re. Qm t^^ 
processed for PAP according to the method of Stcmbeipc f 
SUdes were mounted with 50% glycerol and examined under 
microscopy using our Zeiss microscope's fiourescence apf»- 
monoclonal anti.NF160 was obtained from Sigma ChenucalC/' .> - 
polyclonal anti-TH was a kind gift of Dr. John Reinhard. 
BCBixAi Labs, monoclonal anti-C:hAT was a kind gift of Dr. F- 
University of Chicago, lU and polyclonal GFAP was a kind r - 
Dahl Harvard University, Ombridgc, MA. 

TumorigcnicityofimmonaUzedceUs. To test the tumorirr^*- 
mortalized nerve cells, one million cells of 2RB5 line were '^rf^" 
neously into each syngeneic Spraguc-Dawley rat (a total of 1 ^ 
athymic mice (a total of 10 animals), and the animals wrtr oh^ 
period of 60 days after u-ansplanta^on. IRB5A line was amiUr « 
both syngeneic animals and athynruc mice. 
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t .1— ». The immortalized cell lines 

(IRB, and 2RBs) contamed oiUy I to 2% IH . uting of 

Laments utijingasj,^^^^^^^ 

one cca per weU m a 1 W-weu piaie, y ^^^^ ^^^^^ 

resulting clones V,'°cn1 ceiu\^^^^ appropriate experi- 

„ported that immortaLxed P«^^^^™ cells (1 1) 
mental conditions can give t«ie to either , j.^^ „u>y 

sion of this study ""^'^^^^^tn^te ro both nerve and glial 
cortain multipotent '^"^ clones. Another 

cells. This may account for Ae ^ ceBs never 

possibiUty is that the f J'^^^t^^e'irS ^y a Sndanl single- 
allows formation of clones of pure nerve or giuu 

ceU cloning method. TH-positive cells, an innovative 

To generate '^.^'^^ 

:r:n^ow«^;::tnt^f'^t\^Uedr^^^^^^ 



^ F12 medium (SFM) (7) for 4 J-y^'J^";;^^^^^'^^^^ 
medium for 3 days, "^ont^ 

tion of SFM caused the death of P" W ~» TO-posidve and glial cells, 
presem* of serum aUowed the pow*of^*^TO^^^ 

The resulting ceU line conUuned 502««™J!j^ii„, ^„ed and at 
homovanillic acid, a metabohte of <^''^^^^^„ 95% of TH-posi- 
least 15 clones were tested. Three ^"^'t^^fiWnt-lW and 

rive cells. The clones were ^^gesterone (40 nAf). 

ChAT. Ue SFM contammg .nsuhn (^^^Z^^Zr^(2W)'>i^ 

|C.»»U md V,m«to (19). "J.Sy^d^^UH™ ^ IT 
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Fic. 3. Cells {2RB5 derived from iransfection of cells with pSVj-.) stained with primary antibodies to neurofilament- 160 (B), 
tyrosine hydroxylase (Q, and choUne acctyltransferase (D), using PAP staining. Cells treated wthout the primary antibody showed no 
staining (A). X400, 



^ ofhomovaniUic acid (HVA), Cells (IRB3A) were placed in F12 
^unj containing 5% human placenta] scrum. The level of HVA» a metab- 
' «f dopamine, was measured 2 days afier plating. HVA was assayed 
B 60 ^ of medium following acidiAcalion with HQ, extraction into 
and chromatographic separation and measurement by high . 
"*^'>*nce liquid chromatography with electrochemical detection. 

fustocompatabilixy complex (MHC) antigens. Immortalized rat 
""^^pHalic ccUs were cultured in Lab-Tek chamber slides. When the 
* *epe confluent, the culture medium was discarded, the chambers 
'*?nWed,the8Udes were washed in PBS and air dried at room lempera- 
t. Thi» was followed by Exation in acetone for 5 min. The chambers were 



covered with working dilutions of mouse monoclonal antibodies (IgG) spe- 
cific for class I (6.40.2) and class II (0X6) rat MHC antigens. These 
antibodies were kindly provided by Don BcUgrau (Barbara Davis Center for 
Childhood Diabetes, Denver, CO). After 60 min incubation in a humid 
chamber, the slides were washed twice in PBS for 5 min and then covered 
with a working dilution of a FITC-conjugated goat IgG (Fab)2 anti-mouse 
IgG (heavy and light chains) (Cappel Laboratories, catalog no. 11711- 
3151). After a 30 min incubation, the slides were washed twice and then 
mounted %rith Vectashield medium. (Vector Laboratories, CA). The slides 
were observed under a fluorescent microscope vfith incident light (Zeiss, 
Germany). Negative controls were prepared following the same procedure 






but substituting the primary antibodies by PBS or a 1:50 dilution of normal 
mouse serum in PBS. 

Results 

!tnmortalizction of ceOs from fetal rat mesencephalic tissue. 
Both plasmid vectors, pSV^-^ and pSV^^ were eflfective Ln generat- 
ing immortalized ceU lines from fetal rat mesencephaUc tissues. The 
cells transfected with these plasmid vectors grew weU in precoated 
dishes containing modified MCDB-153 medium. When these cells 
were placed in a selection medium (modified MCDB-153 growth 
medium containing a lethal concentration of geneticin), extensive 
ccU death occurred. The survivors were presumed to contain T-anU- 
gen as well as neomycin resistant genes. Two ceU lines, 2RB5 
derived from the cells transfected with pSVs- and 1RB3 derived 



from the ceils transfected with pSVj^^ were selected for further 
characterization. 

Presence of T-antigen, More than 95% cells (2RB5) showed 
positive staining of the nuclei for a T-antigen specific antibody. Thr 
staining was characterized by a diffuse granular pattern of the nu- 
cleus with a negative staining of the nuclear nfiembrane and the 
nucleoH (Fig. 1 B), The same field under phase contrast showed 
neuronal ceU morphology (Fig. 1 A). Similar staining of nuclei wm 
observed in 1RB3 ceU Une. The cells treated without the prunanr 
antibody to T-anligen did not stain (data not shown). 

Morphology and growth. Daily observation of the immortatod 
cells (2RB5) under the phase microscope revealed diat 
different morphology were present in die culture. Three 
C2RB5 (Fig. 2 al F2RB5 (Fig. 2 6), and A2RB5 (Fig. 3 c) show^ 



IMMORTALIZED CELLS FROM MESENCEPHALIC TISSUE 



601 







f 



Fic. 5. Immunofluorescent (flourescein) staining immortalized clone (IRB3A-N27) treated with the prima^ antibodies to ncurofiU- 
mcnt-160 (a), and TH (6), and %rith no primary antibody (c); immortalized clone (IRBsA-Nja) treated with primary antibodies to 
neurofilamcnt-160 (<f). and TH (e), and with no primary antibody (/). NoU thai almost all cells are stained positive for neurofilament- 160 
andTH. X400. 



* morphology. Most cells were flattened; however, a few 
cells were embedded in the flattened cells. Initially the trans- 
cells required a special substrate (25) for their growth, but 
bout 6 mo. the immortalized cells also grew well in regular 
cultiue dishes without any substrate. The immortalized cells 
ed modified MCDB-153 containing 10% heat inactivated fe- 
we serum for their initial growth; however, after about a year 
wwed slower growth and degenerative changes (enlargement 
8 and appearance of one or more intracellular vacuoles). The 
>n of F12 medium with 10% agammaglobulin newborn bo- 
enim or RPMI medium with 10% fetal bovine serum at this 
Uowed the full recovery of many degenerating ceUs. Cells in 
media grew about 30% faster than in F12 medium, There- 
dl subsequent cell lines were grown in RPMI medium. The 
wlogy of cells (1RB3) grown in MCDB (Fig. 2 (f), F12 (Fig. 2 
i RPMI (Tig. 2 /) was different. 

'»<"igefucity. The immortalized cells when injected subcula- 
ly into athymic mice or syngeneic rats did not produce tumors 
W days after transplantation. 

of neuronal'spccific markers. The uncloned immorta- 



lized cells (2RB5) stained with the primary antibody to specific 
neuronal or glial markers. The majority of the cells were stained 
positively with the antibody to neurofilament- 160 (Fig. 3 B), a few 
were stained positively wth TH (Fig. 3 C), and ChAT stained ceDs 
were rare (Fig. 3 D). The cells treated without the primary antibody 
did not stain (Fig. 3 A). None of the ceUs stained with GFAP (data 
not shown). 

Isolation of purified TH-positive clones. The immortalized cell 
line (1RB3) was selected for cloning. It contained only 1 to 2% 
TH-positive cells. Repeated (4 times) single-cell cloning did not 
improve the percentage of TH-positive cells in any clone isolated. 
This was because TH-positive cells were always firmly embedded 
with glial cells, and the separation of these cells from each other was 
not possible during the preparation of sin^e-ceU suspension. The 
addition of SFM caused extensive cell death among ^ial cells. The 
treatment of the culture with hormone-supplemental SFM followed 
by serum-containing medium, and repeating this procedure 3 times, 
produced cell lines that contained 50 to 60% TH-positive cells. 
One of them (1RB3A) was stained (rhodamine) for neurofilament- 
160 (Fig. 4 a), TH (Fig. 4 6), ChAT (Fig. 4 c), and without the 
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Fic. 6. Photomicrograph 

time of about 18 h. XIOO. -o hs 



primary antibody (T ^g. 4 Most of these ceDs were stained posi- 
tive for neurofilament and many of them were positive for TH 
antibody. Hiey also produced homovanillic acid (9.6 ± 2.4 
pmole • day"^ • well), a metabolite of dopamine. This compared with 
about 15 pmole • day"^ • well of HVA produced by cultured mesen- 
cephalic tissue from a 15-day rat embryo which contains about 20 
000 dopaminerproducing ceDs. Unlike immortalized cells, these 
dopamine-producing cells do not divide. 

Repeated recloning of the IRJB3A cell line yielded clones some of 
which contain more doan 95% TH-positive cells. Two of the clones 
(1RB3A-N27 and 1RB3A-N32) were stained (flourescene) with the 
primary antibodies to neurofilament- 160, TH, ChAT, and GFAP. 
All cells of the 1RB3 A-N27 clone were stained positive for neurofil- 
ament-160 (Fig. 5 a) and TH (Fig. 5 6); however, they did not show 
staining for ChAT or GFAI^ (data not shown), and they were not 
stained without the primary antibody (Fig. 5 6, c). The TH-positive 
cells were most intense (Fig. 5 c) in clone 1RB3A-N32. The neuro- 
filament stain was relatively less intense (Fig. 5 J). Two TH-positive 
clones [1RB3A-N27 (Fig. 6 a) and 1RB3A.N32 (Fig. 6Ji)] were 
selected for a detailed characterization and for neural transplant 
studies. Their morphology seemed similar, but 1RB3A-N32 con- 
tained cells that exhibited higher levels of TH staining than those in 
1RB3A-N27. 

Presence of MHC class I and !I antigens. No detectable level of 
MHC class I and II antigens was found in any clone. 

Discussion 

This is the first report of establishment of immortalized clonal 
lines of cells from fetal rat mesencephalic tissue. Some of diese 
clones contain over 95% TH-positive cells and produce homovanil- 
lic acid, a metabolite of dopamine. Several clones are also TH-nega- 
tive. Most clones tested show neurofilament- 160. but lack ChAT. 
All immortalized cells produce T-andgens, suggesting that the incor- 
poration of T-antigen genes is primarily responsible for producing 
immortalized cells. Both plasmids, pSVj— and pSVj^ are efficient 



in producing immortalized cells. These immortalized ceDs are luo^ 
tumorigenic when tested in athymic mice or syngeneic rats. Also, 
there are no detectable levels of MHC class I and II antigens. 

The procedures for generating immortalized cell lines by iraiw- 
fecting freshly prepared single-cell suspensions with pSV^^ or 
using an electroporation technique are easy to perform, and 
immortalized cells are obtained within a year. However, the isola- 
tion of clones containing primarily TH-positive cells is time-coo- 
suming and labor-intensive because the standard sin^e-cell cloning 
method is inadequate for generating such clones. This is becaiac 
TH-positive ceUs are always embedded with glial cells, and a stan- 
dard melhod of Irypsinization does not separate tiiem. The addxtioo 
of hormone-supplemented SFM produces extensive cell death 
among glial cells, whereas serum-containing medium allows the 
growth of both TH-positive and glial cells. The alternating use ai 
hormone-supplemented SFM and senun-containing media, re^ 
peated 3 times, produces cell lines rich in TH-positive cells many of 
which were no longer embedded with ^ial ceUs. The recloning <d 
tills cell line (IRB3A) generated clones some of which contain over 
95% TH-positive cells. These clones are being transplanted in an 
animal model of Parkinsonism and can be useful in basic neurx>bit>- 
logical studies. 
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[57] ABSTRACT 

This invention is based on the development of proce- 
dures for isolation and proliferation of neuron progenitor 
cells and is directed to growth, storage, production and 
implantation of proliferated neuron progenitor cells. The 
isolation and culture methods are designed to prolifer- 
ate mammaliaTi ventral mesencephalon neuron progeni* 
tor cells in vitro to produce a culture which differenti* 
ates to produce dopamine-produdng cells. The prod- 
ucts of this invention include a culture containing neu- 
ron progenitor cells, preferably, grown as aggregates in 
suspension cultures. The process of this invention for 
preparing neuron progenitor cells comprises obtaining 
ventral mesencephalon tissue from a donor at the appro- 
priate stage of embryonic development dissociation of 
the tissue to obtain single cells and small cell clusters for 
culture; cultnring the neuron progenitor cells in an 
initial culture medium which selects for a novel cell 
culture containing neuron progenitor cells and growing 
the cells for a period of time in a second medium, during 
which the neuron progenitor cells proliferate. 

16 Oaims, No Drawings 
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transplant cells prior to production of the neurites in 

FROUFERATED NEURON PROGENITOR CELL vitro have been made. 

PRODUCT AND PROCESS The consensus in the reports regarding dissociated 

CNS tissue (single cell suspension) is that (1) tissue 

CROSS REFERENCE TO RELATED 5 derived firom CNS areas which are no longer displaying 

APPLICATION neuronal division in vivo will only support glial sur- 

TTiis application is a continuation of application Ser. a5,1S?<5'ff^ 

No. 07/631,617, filed Dec. 21, 1990 , now abandoned, ^Sf ^ ^"f^ ^^''^ 

which is a ^jntLuation-inW of Se^. No. 07/456,767, undergoing ^nal division in vivo 

ZTa nT^oocT i ^sa. x^w, v//'r.?o, /o/, ^ ^^j^ ^gyjQnjj and glial survival m vitro; 

filed on Dec. 26, 1989, now abandoned. ^j,^^ ^^^^ ^ prolifera£but can differentiate 

FIELD OF THE INVENTION ^ varying degrees under in vitro conditions (see for 

. . ^ , ^ ^ ^ ^ ^.^ ^ example, Ahnert-Hilger et aL, Neuroscience 

This mvention relates to preparation of prohferated I7(i):i57.i65 [1986] and Boss et aL, Dev. Brain Res., 

neuron progenitor cells and their implantation. In par- ^5 36:199-218 [1987]). 

ticular, this invention relates to processes for producing Methods which produce cell cultures m vitro m 

proliferated neuron progenitor cells which can be in- which neuronal cells proliferate are being sought The 

duced in vivo or in vitro to develop into functional method should also minimize the cell loss due to disrup- 

neurons which produce dopamine. tion of neurites upon preparation of the cells for implan- 

BACKGROUND OF THE INVENTION ^^f- In Particular, such ceU cultures which would 

produce dopamine foUowmg implantation are highly 

The nervous system contains two classes of cells: the desirable, 

nerve cells (or neurons) and neuroglia cells (or glia). 

These cells are distinguished by morphological bio- DESCRIPTION OF THE PRIOR ART 
chemical and functional differences. Morphologically, 25 A few reports have claimed that a small proportion 
neurons have a cell body and projectmg extensions or (6-15%) of neuroblasts obtained firom embryonic chick 
neurites (processes) of varying lengtL In vivo, neuritic or rat cerebral hemispheres can proliferate under in 
extensions are further divided into axons (which trans- vitro conditions (see Barakat et al., Neurvchem. Re- 
fer ^gnals away from the neuron) and dendrites (which search 7(3):287-300 [1982]; Kxiegstein et aL, Brain Re- 
transfer signals to the neuron). Among many other 30 search 295:184-189 [1984]; Asou et aL, Brain Research 
biochemical and biophysical processes, neurons synthe- 332:355-357 [1985]; Yoshida et aL, NeuroscL Letters 
size specific chemicals involved in sigMling of infonna- 70:34-39 [1986]). Tenq)le, Nature 340:471-473 (1989) 
tion. In the central nervous system (CNS) gha are nine reports that individual CNS blast cells isolated firom 
times more prevalent than nerve cells. Glia are thought to 14.5 day rat forebrain septal region and cultured 
to serve as neural supportive elements by providing ^ ^^^^ ^ presence of conditioning cells can 
nutrients, growth or survival factors and extracellular ^"^^^ differentiate mto neuronal cells, glial cells or 
matrices. These cells are morphologically distinct from , ^ , 

nerve cells and do not syntiiesize neurotransmitters. H., Int J. Devel Neuroscience 7:103-113 

To date, attempts to implant functional neuronal cells (^^^^^ ^^P*^^ ^ cultures of ventricular cells from 

have largely been unsuccessful Once die cells send out ^ the rostral part of the mouse neural plates, ventricular 

neurites in vivo, tiiey are very difiBcult to transplant T ""^"^"^ P^^^notypes immedmtely 

The neurites become damaged during preparation of ''l^ prohferatog upon transfer to cell culture, 

the implantation culture, lading to L d^th of tiie ^. ^ P^f f ^ P^^^ ^^^^^jf^ P^!^^^! 

r.p.iic T« r««rt«e« *ui^Z.^r^M^^^u fx* displayffig morphological characteristics of radial glial 

W ^Ti^n^^^^^^^^^^ ^'„Tw.^?^ ^5 cells. Tlie authors ccSclude tiiat two types of prog^ 

have been obtained from embryos at a pomt m the em- committed to either neuronal ofglial hntlges, 

t^omcniaturaticmp^ coexist in cultured neural plate cells, 

to dbmmate cdl death due to di^pUon of tiie neuntes. Others (Honegger et Nature 282:305-307 [1979D, 

-IJ" T^^^l^ to tramplant fresh reaggrega^ of dis^xnated fetal rat braiL celk 

tissue. A penod of time to evaluate die tissue pnor to ^ ^a^, demonsiated proliferation (but not specificaU; 

imp antation^such as to dctermme whether the tesu^ neuroblast proUferation) as well as differentiation under 

oontammated witii a vinis. is highly desirable. To hold ^ame sermn-free conditions. Still otiier workers 

the tissue for a penod of time, the tissue must either be (Prederiksen et al.. Sac NeuivscL Abstr. 12:1 122 [1986]), 

cultured m vitro or frozen^Fr^ ti^e is fragde, and ^ find significant proliferation in vitro of iso- 

do^ not re^nd weU to freezmg. The percentage of 55 lated rat progenitor cells, have turned to genetic manip- 

viable cells m the fresh tissue is greatiy diminished by ujation of tiie cells (usmg retroviral msertion of onco- 

the freeze/thaw process so tiiat a substantial percentage genes) to study early developmental events in the CNS. 

of the ceUs in tiie implant are nonviable. In response to in a recent article, Wes et al., /. Cell Physiol 

the problems inherent in using fresh or fresh-frozen 36:367-372 (1988) stated that tiiere is a general consen- 

tissue, attempts to culture undifferentiated cells in vitro 60 sus tiiat neuroblasts from embryonic rat brams do not 

for implantation have been performed. divide in culture, despite reports that contradict this 

Since the initial discovery 80 years ago by Ross Har- belief 
rison that nerve fibers can survive under tissue culture Regarding transplantation of progenitor cells, Doer- 
conditions, the literature has become inundated with ing et al., Dev, Brain Res. 5:229-233 (1982) have cul- 
reports using cultured nervous tissue. Neuronal cells vx 65 tured subventricular epithelial cells from the embryonic 
vitro also send out neurites, leading to the same prob- mouse neopallium (dorsal cerebral cortex or neocortex) 
lems of cell death upon disruption of the neurites as without showing any evidence of proliferation and 
encountered with fresh tissue. Therefore, attempts to transplanted these cells into the cerebella of neonatal 
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mice. The transplanted developing cerebral cortical The process of this invention for preparing neuron 
cells differentiated into their normal phenotypes in progenitor cells comprises obtaining ventral mesen- 
vivo, even though misplaced in the cerebellum, but cephalon tissue from a mammalian donor at the appro- 
failed to differentiate properly xmder in vitro condi- priate stage of embryonic development; dissociation of 
tions. 5 the tissue to obtain single cells and small cell.clusters for 

Cultured embryonic cells have also been used as culture; culturing the neuron progenitor cells in an 

transplants intended to alter the unusual turning behav- initial culture medium which selects for a novel cell 

ior demonstrated by rats injected unilaterally with 6- culture containing neuron progenitor cells (adaptive 

hydroxydopamine (6-OHDA) (one of the animal mod- period) and growing the cells for a period of time 

els for Parkinson's disease). Brundin et al., NeuroscL 10 (growth period) in a second medium. During the 

Letters 16:79-84 (1985) used dissociated rat ventral mes- growth period, the neuron progenitor cells proliferate, 

encephalon cells cultured for six days and transported The progenitor cells differentiate in vivo, following 

for two days for their striatal transplants. They reported implantation and can be induced to differentiate in vitro 

that two out of five transplanted animals showed behav- by addition of a differentiation agent; e.g., cyclic AMP. 

ioral recovery, with only 1 in 1000 of the cultured cells 15 ^ „ , „ ™™ 

surviving as tyrosine-hydroxylase CrH)-positive neu- DETAILED DESCRIPTION OF THE 

rons in the grafts after seven weeks b vivo. No claims INVENTION 

were made by the authors that the cells in culture had The present invention is based on the development of 

proliferated to any significant extent a method for isolating, culturing and proliferating neu- 

Kamo et al. Brain Re& 397:372-376 (1986), also mak- 20 ron progenitor cells in vitro. The isolation and culture 

ing no claims regarding proliferation, cultured explants methods are designed to proliferate neuron progenitor 

of fetal human paravertebral sympathetic ganglion cells in vitro to produce a culture having an increased 

chains for three weeks to three months prior to using number of neuron progenitor cells. Progenitor cells in 

them as aggregates of 1000-4000 neurons for transplan- the culture can differentiate to produce dopanaine-pro- 

tation in their 6-OHDA rat model. Four out of the six 25 ducing cells in vitro, depending on the culture period 

transplanted rats showed behavioral recovery as well as and conditions, or can differentiate in vivo, following 

surviving TH-positive neurons in the graft (no quantita- implantation. 

tion reported). Although no immunosuppression was In addition to increasing the number of neuronal cells 

iised b these experiments, five out of six grafts, ana- through proliferation, the cultures can be finzen while 

lyzed after 4.5 to 6,0 months, contained surviving TH- 30 substantially maintaining cell viability. When grown as 

positive neurons. aggregates, the progenitor cell cultures send out neu- 

SUMMARY OF THE INVENTION T^""^ disrupted in the impl^tation pro- 
cess, thus mamtauung a high percentage of viable cells 

This mvention is based on the development of proce- upon implantation. Following implantation, a subpopu- 
dures for isolation and proliferation of neuron progeni- 35 lation of progenitor ceUs which did not differentiate in 
tor cells and is directed to growth, storage, production vitra differentiate in vivo and function as tyrosine hy- 
and implantation of proliferated neuron progenitor droxylase-containing neurons, gaining the ability to 
cells. The isolation and culture methods are designed to produce functional effects about three to six months 
proliferate neuron progenitor cells in vitro to produce a following unplantation. depending on the species of the 
culture which differentiates to produce dopamine-pro- 40 implanted tissue and of the host 
ducing cells. Depending on the culture period and con- In addition to its use as an implant, a culture of this 
ditions, the progenitor cells differentiate either in vitro invention can be used for evaluating agents which in- 
or in vivo, following implantation. In addition to in- hibit or enhance neuroblast proliferation or differentia- 
creasing the number of neuronal cells, the cultures can tion or for evaluating the toxicity of an agent on neu- 
be frozen while substantially maintaining cell viability. 45 rons. Aggregate cultures are particularly advantages 
When cultured as aggregates, the progenitor cell cul- for these purposes. Methods for evaluation of pharma- 
tures send out neurites which are contained within the cological agents using cell cultures are well known and 
aggregates and therefore are not disrupted in the im- involve combining the agent with the culture and ob- 
plantation process. Thus, a high percentage of viable servingtheefFectof various concentrations of the agent 
cells is maintained. 50 on the cultured cells. 

A portion of the neuron progenitor cells spontane- The process of this invention for preparing neuron 

ously differentiate in vitro. Following implantation, a progenitor cells comprises obtaining ventral mesen- 

subpopulation of the neuron progenitor cells which did cephalon tissue from a mammalian donor at the appro- 

not differentiate in vitro differentiate in vivo and func- • priate stage of embryonic development; dissociating of 

tion as tyrosine hydroxylase-containing neurons, gain- 55 the tissue to obtain single cells and small cell clusters for 

ing the ability to produce functional effects by about culture; culturing the neuron progenitor cells in an 

three to six months foUowing implantation, depending initial culture medium which selects for a novel cell 

on the species of donor and host tissue. Alternatively, culture containing neuron progenitor cells and main- 

the neuron progenitor cells can be induced to differenti- taining the culture for a period of time in a second me- 

ate in vitro, producing a population of mature neurons 60 dium during which the neuron progenitor cells prolifer- 

which produce dopamine. ate. 

The products of this invention include a culture con- As used herein, the following terms are defmed as 

taining neuron progenitor cells. The culture can be follows: 

progenitor cells or aggregates of progenitor cells in a "Cell culture" or "tissue culture" refers to the mainte- 

culture medium, or single or aggregated neuron progen- 65 nance of ceD viability and function in vitra. It may 

itor cells on or dispersed in a substrate matrix. Most or may not involve cell proliferation, 

preferably, the cultures are suspension cultures in which "Cell proUferation" is a process of cell multiplication 

the progenitor cells grow as aggregates. by means of cell division. When this occurs in vitro 
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to any significant level in monolayer cultures, it 
usually involves one or more subcultures. 
"Subculture" means the transfer of cells from one 
culture vessel ta another. The term is synonymous 
with the tenn "passage". 
**Graft" is a cell culture which has been implanted 

into a host animal. 
Key steps for culturing neuron progenitor ceUs are 
described in detail below. While the steps are provided 
in some detail, it will be readily apparent to a person 
sidHed in the art that the procedures described can be 
modified and varied without departing £rom the objec- 
tive thereof, and this invention is not limited to the 
specific details presented herein. 

PREPARATION OF NEURON PROGENITOR 
CELL CULTURE 
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Embryonic mammalian tissue is used to prepare neu- 
ron progenitor cell cultures. The tissue can be from any 
mammalian source, conveniently from a large mammal. 
Preferably, the tissue is from a goat, cow, sheep or other 
commercially raised animal Most preferred is the use of 
human or porcine tissue. 

The donor embryo is in the eariy stages of develop- 
ment, prior to neurite formation. The tissue is removed 25 
from the dopaminergic system of the brain. Preferably, 
the tissue is from an area which differentiates to form an 
area of the brain with a relatively high concentration of 
TH-positive neurons. Most preferably, the tissue is from 
the ventral mesencephalon. 

The objective of the tissue preparation procedure is 
to disperse the tissue into single cells and small aggre- 
gates (about SCO cells per aggregate) without prolonged 
exposure conditions that impair cell viability. A descrip- 
tion of two tissue dissociation methods, mechanical and 35 
enzymatic, are described. Mechanical dissociation is 
preferred since the process is as effective as enzymatic 
digestion and avoids cell viability impairment caused by 
exposure to enzymes. 

Also described is preparation of monolayer cultures 40 
and suspension (aggregate) cultures from the dissoci- 
ated cells. Aggregate cultures are preferred for implan- 
tation, smce the procedure allows neuron progenitor 
cell (^erentiation within the aggregates during the 
culture period without disruption of neurites during the 45 
implantation process. The aggregate size is controlled 
by the culture conditions. Preferably, culture conditions 
are used so that the size of the aggregates remains small 
enough to implant by injection through a catheter. Ag- 
gregate cultures conveniently range in size from about 50 
100 to about 1000 microns. 

The neuron progenitor cell culture aggregates have 
loci of undifferentiated cells and loci of neurons. The 
loci of undifferentiated cells may contain rosette-like 
structures in which mitotic figures are often seen. The 55 
loci of neurons contain TH-positive cell bodies whose 
neurites ^pear to extend to the periphery of the aggre- 
gates. Upon histological examination, the aggregates 
appear to be bordered by a layer of neuropil (an acellu- 
lar, neurite-rich area). 60 

Preparation of monolayer cultures is also described. 
Monolayer cultures may be advantageous for proce- 
dures in which selection of certain populations of cells is 
desired. The selected cells can be implanted or cultured 
as aggregates. Monolayers which will be implanted 65 
without intermediate culture as aggregates are prefera- 
bly grown on a substrate which can be removed from 
the culture vessel and implanted, such as amniotic mem- 



branes, rather than a substrate where enzymatic diges- 
tion is required to remove the cell culture for implanta- 
tion. 

Gross examination of typical neuron progenitor cell 
''monolayer" cultures reveals intercoimected three-di- 
mensional structures, rather than the usual two-dimen- 
sional monolayer observed with most cell lines. It is 
thought that the proliferative capacity of these cells 
creates this three-dimensional effect. Over time, cells 
begin to migrate from these structures and form typical 
two-dimensional monolayers in which differentiating 
neurons and glia can be observed. 

If desired, prior to implantation, neuron progenitor 
cell cultures can be successfully frozen and stored at the 
time of dissociation or following the completion of the 
selection period. The cultures can be induced to differ- 
entiate in vitro at any time. 

In addition to being observably different firom prior 
art neuron cell cultures, the neuron progenitor cell 
cultures of this invention are biochemically distinguish- 
able from freshly prepared ventral mesenc^halon cul- 
tures. In particular, for the same amount of embryonic 
tissue, a neuron progenitor cell culture of this invention 
produces ^^proximately lOQ-fold the amount of cate- 
cholamines. Following in vitro differentiation, the cul- 
tures produce approximately ten-fold the amount of 
catecholamines of the non-differentiated cultures. In 
addition, the ratios of concentrations of the three major 
^ brain catecholanciines (dopamine, qnnephrine and nor- 
epinephrine) changes foUowing differentiation. 



Isolation of Tissue 

Removal and Storage of Embryos 

1. Remove embryos in amniotic sacs from uterus by 
sterile lavage with 0.15 M NaCL Use embryos at 
Carnegie stages 15-lS for pordne or human tissue. 
(An explanation of the Carnegie stages can be 
found in ''Developmental Stages in Human Em- 
bryos'* by Ronan OTlahiUy and Fabiola Muller, 
Carnegie Institution of Washington (Carnegie Lab- 
oratories of Embryology, California Primate Re- 
search Center and Departments of Human Anat- 
omy and Neurology^ University of California, Da- 
vis) Publication 637, 1987 and "An Atlas for Stag- 
ing Mammalian and Chick Embryos by H. Butler 
and B. R Juurlink 1987, CRC Press, Inc.) 

2. Store embryos in sterile 'Transport Medium" 
(Jawamoto et al, Brain Res., 384:84-93 
[1986]— Formula: 54 mM KH2PO4, 30 mM 
K2HPO4, 195 mM D-sorbitol, 5 mM D-glucose, 20 
mM sodium lactate, 50 pig/ml gentamidn) at 4* C. 
for up to 72 hours before proceeding with the cell 
preparation. That article is incorporated herein by 
reference in its entirety. 

3. All subsequent procedures are performed asepti- 
cally. 

Dissection of Embryos 

1. Remove embryos from amniotic sac. 

2. By fine dissection with forceps, peel back the skin 
from the head of the embryo to expose the menin- 
ges and the brain. At this time the fine curvatures 
of the brain surface and the numerous blood vessels 
on it win be apparent. 

3. Make the first cut, a cross-section through the 
neural tube, immediately posterior to the isthmus 
separating the mesencephalon from the metenceph- 
alon. 
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4. Make cuts number 2 and number 3, which separate 
the dorsal region of the mesencephalon from the 
ventral region, and discard the dorsal segments. 

5. Make cut number 4, at 90' from cut number 1, a 
cross-section througji the neural tube anterior to 5 
the mesencephalon, releasing the ventral mesen- 
cephalon (VM). Tease away any membranes that 
are still attached. 

6. An ideal VM section should be opaque, white in 
color, very soft in texture, and shaped roughly like 10 
a butterfly. Any trace of clear or semi-clear tissue 
(Ic meninges) should be removed from the VM 
section. 

7. Pool dissected VM pieces in a small drop of Hanks 
Basal Salt Solution (HBSS) (per liter: 0. 14 g CaCh; 15 
0.06 g ICH2PO4; 0.4 g KCl; 0.1 g MgO^eHiO; 0.1 

g MgS04.7H20; 8.00 g NaCl; 0.35 g NaHCOa; 0.09 
g Na2HP04.7H20; 1.0 g D-glucose; 0.01 g phenol 
red) containing 50 ^ig/ml gentamicin and 50 mM 
Hepes buffer, pH 7.2 (Hanks/Hepes/gentamicin, 20 
hereinafter HHG). Keep pieces on ice m a small 
petri dish. 

For human tissue, the dissection is essentially the 
same, but will first require a three-dimensional *Vecon- 
struction" of the tissue if it is not intact in order to 25 
visualize and identify the region of the mesencephalic 
flexure. 

Following isolation of the tissue, the tissue is dissoci- 
ated into single cells and small aggregates of cells (less 
than about 500 cells per aggregate). The dissociation 30 
can be by enzymatic or mechanical methods, or a com- 
bination thereof. Exemplary enzymatic and mechanical 
methods are described below. FoUowing dissociation of 
the cells, the cells are cultured as monolayers or, prefer- 
ably, in suspension cultures in which the cells form 35 
aggregates (aggregate cultures). Each cell culture type 
is described using a different dissociation procedure. 
However, any dissociation procedure can be used to 
prepare monolayer or aggregate cultures. 

Aggregate cultures are seeded by placing a small 40 
number of cells in a small volume of medium, preferably 
1.0 ml or less, more preferably less than 0.5 ml. Not 
more than about 105 cells, preferably fewer than 10* 
cells are seeded per culture. In a most preferred embodi- 
ment, from about 2.5 X 10^ to about 5 X 10^ cells per well 45 
are seeded in each well of a 48 well plate. Using seeding 
conditions that control the initial number of cells per 
culture tends to control the eventual size of the aggre- 
gates. In addition, xise of smaller initial seeding concen- 
trations produced smaUer aggregates and enhanced the 50 
viability of the aggregates. Specifically, the absence of 
necrotic cells in the centers of the aggregates correlated 
with lower initial plating densities and maintaining 
smaller aggregate size. 

In the culture process of this invention, the cultures 55 
are initially grown in a first culture medium which 
promotes the survival of neuron progenitor cells which 
are capable of proliferating in a serum-free, defined 
medium. The initial culture medium can be a basal me- 
dium supplemented with serum, hormones, growth 60 
factors and trace elements. Alternatively, the initial 
culture medium can be a basal medium supplemented 
with fetal cord serum, preferably from the same species 
as the cultured cells. Ham*s F12 with 5% fetal cord 
serum is an effective initial culture medium. Preferably, 65 
the initial culture medium is Ham's F12 with Chang's 
supplement C (hereinafter Chang's) or a medium having 
a similar composition. Changes is preferably present at 
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about 5% (v/v) or more. In a most preferred embodi- 
ment, the initial culture medium additionally contains 
glutamine at a concentration of about 2 mM and super- 
oxide dismutase at about 100 U/ml. The cultures remain 
in the initial culture medium for at least 4.5 days prior to 
culture in growth medium. The growth medium is pref- 
erably added by day 7, but more preferably between 
days 4,5 to 5.5. 

Mechanical Dissociation of Cells 
Preparation of Aggregate Culture 

1. The tissue is dissected as described above. 

2. Collect tissue sections in a small (about 50 |i,l) drop 
of HHG in a small petri dish on ice. 

3. Pool all sections in I drop of HHG, and chop mto 
pieces 0.5 mm or smaller. Keep this on ice. 

4. Remove the cap from a 50 ml centrifuge tube, place 
a 7X7 cm autodaved 210 p^m'esh Nitex screen 
(Tetko cat. no. 3-210/36) over the opening and 
secure it in place with an autoclaved rubber band. 

5. Repeat step 4 with a second centrifuge tube using 
a 130 /tmesh Nitex screen (Tetko cat no. 
3-130/43). 

6. Place 10 ml room temperature HBSS in a 15 ml 
centrifuge tube that had been rinsed with 4% bo- 
vine ser\mi albunun (BSA) in HBSS (hereinafter 
HBSS/BSA) to form a BSA-coated tube. Add 0.1 
ml of DNase stock. (DNase stock is Sigma cat no. 
D4527 DNase at 1 mg/ml in HBSS.) 

7. Place the tip of a sterile pasteur pipet into the flame 
of a burner so that melting of the tip closes the 
opening. Then heat the pipet at about 0.5 cm above 
the melted tip so that a hook is formed. Coat this 
pipet by dipping the hooked tip in HBSS/BSA. 

8. Using an unaltered, BSA-coated pasteur pipet, 
transfer the tissue fragments onto the center of the 
210 ptNitex screen. Wash the tissue with about 2 mi 
of HHG, then remove as much liquid as possible 
from the screen with the pipeL Combine this liquid 
with the HBSS/DNase solution. 

9. Using the curve on the hooked Pasteur pipet and a 
gentle scraping movement, work the tissue through 
the screen quickly, but gentiy, to prevent the tissue 
from drying. 

10. Wash the screen with the DNase stock solution. 
Keep the wetted area to a minimum on the center 
of the screen. 

1 1. Repeat steps 9 and 10 until no more tissue frag- 
ment is visible on the screen, using not more ,than 
6 ml of the DNase stock solution. 

12. Remove all liquid from the 210^iscreen. Then 
carefully remove the rubber band and the screen. 

13. Transfer the cell suspension to the center of the 
130 /xscreen using the unaltered BSA-coated pipet 
Then repeat steps 9 through 12, using the remain- 
der of the DNase stock solution. 

14. Transfer the cell suspension from the tube with 
the 130 /iscreen to the BSA-coated 15 ml tube 
(now empty of DNase stock solution). Then centri- 
fuge at 150Xg for 3 minutes. 

15. Discard supernatant. Resuspend cells in suitable 
volume of an appropriate medium, preferably the 
initial culture medium. In general, 0.5-1.0 ml of 
F12+5% Chang's supplement C4-2 mM glutami- 
ne -h 100 U/ml Superoxide Dismutase is an appro- 
priate volume of a most preferred initial culture 
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medium. (Chang's supplement C is commerdally 
available £rom Irvine Scientific Irvine, Calif.}. 

16. Remove 10 ^xl of cell suspension after gentle tritu- 
ration. Add this to 40 of 0.04% Crystal Violet 
solution, then triturate with a micropipeter mitil a 5 
single nuclear suspension is obtained (about 100 X). 
Coont using a hemacytometer. 

17. Gently triturate the cells before diluting to appro- 
priate volume for seeding. Usually seeding is done 

at 3X103 cells in 0.3 ml in each well of a 48 well 10 
plate. 

18. Various volumes of medium can be added 2 hours 
later to control aggregate formation. In particular, 
a volume of 0.45 ml yields single aggreg^es in each 
well of a 48 well plate. Volumes greater than 0.30 
ml but less than 0.35 ml yield multiple aggregates in 
each weD. These volumes were determined at 270 
rpm on a mini-oriiital shaker (Bellco; \%eland, 
NJ.). A speed of 180 rpm will yield single aggre- 
gates at various volumes. Sylgard 184 (Dow Cor- 
ning Corp.; Midland, Mich.) coating of the wells 
may be necessary to inhibit aggregate adhesion to 
the well particularly for human tissue ). 

Switch medium to HN2 Medium 5 days later by 
removing about half of the medium and adding that 
volume of HN2 medium. Then feed about twice a week 
with HN2 Medium by removing approximately half of 
the medium and replacing that volume with £resh me- 
dimn. Alternatively, the initial medium can be ex- 
changed for HN2 medium at 5 days and half or all of the 
medium replaced for subsequent feedings. HN2 medium 
is a modified ver^on of N2 medium (Bottenstein and 
Sato, PNAS 76:514-517 [1979]) .which contains 1:1 v/v 
Dulbecco's Modified Eagle Medium (Dulbecco et al., 
Virology 8:396 [1959]):Ham's F12 (Ham, PNAS 53:288 
[1965]). Those articles are incorporated herein by refer- 
ence in thdr entirety. The formulae for each of the 
components of HN2 are shown below. HN2 Medium 
contains DMEM (low glucose):F12 1:1 v/v and the 
additional ingredients shown in Table 1. The formulae 
for DMEM and F12 are found m Tables 2 and 3, respec- 
tively. 

TABLE 1 
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TABLE 2-continued 



DULBECXX>'S MODIFIED EAGLE MEDIUM^ 
LowGIncose 



COMPONENT 



mg/L 



HN2 Medium 
DMEM Oow gjocose): F12 1:1 v/v 

COMPONENT CONCENTRATION 

N2 medium 

5 fig/ml 
too fig/nA 
100 fiM 
30 nM 
20 nM 

2 mM 
25 mM 
ai% (g/lOOml) 



trassfeiiiu 
pQtrescine 
sdcniom 



additional components 
glataminc 

Ka 

hmnan serum albumin 



TABLE 2 



DULBECCO'S MODIFDED EAGLE MEDIUM^ 
Low Glucose . 



COMPONENT 



mg/L 



Inorganic salts: 
Ca02 (anliyd.) 
Fe(N03)3-9H20 
K.CL 

MgS04.7H20 

Naa 

NaHCOa 



2oaoo 

0.10 
400.00 
200X)0 
6400.00 
3700.00 



20 



25 



30 



35 



40 



NaH2P04Ji20 


125.00^ 


Other components: 




D-Glucose 


IOOOlOO 


Phenol red 


15.00 


Sodium pyruvate 


IIOlOO 


M imipj /\rau5« 




l^AxginineHQ 


UJOO 


L<^ystine 


48.00 


L-Giutamine 


584.00 


Glycine 


30.00 


L-Histidine HCXH2O 


4Z0O 


L-Isoleudnc 


105.00 


I^Lcucme 


105.00 


L-LysineHQ 


146.00 


L-Methionine 


30.00 


L-Htenyialanine 


66.00 


L-Serine 


42.00 


L-Threonine 


95.00 


L-Txyptopban 


16.00 


L-Tyrosine 


72.00 


L-Valine 


94.00 


Vitamfais: 




D-Ca pantothenate 


4.00 


Cfaoliae chloride 


4.00 


Folic add 


4.00 


i-Inodtol 


7.20 


Nicotinamide 


4.00 


Pyridoxal HCl 


4.00 


Riboflavin 


0.40 


Thiamine HCl 


4,00 



lOnlbecco et al.. Virology 8J96 (1959); Smith et Virology 12:185-196 (I960); 
Tissue ColniFe Suadttrds Cominittee (TCSC^ la Vitro 6^^i (1970). 
Value shown Is in conibrnumce with die TCSC. In Vhto, 9, No. 6 (1970). 



TABLE 3 



45 



50 



55 



60 



65 



F12 MEDIUM 




COMPONENT 


mg/L 


Inorj»nic salts: 




Caa2.2H20 


44.00 


CaS04^20 


0.00249 


FeS04.7H20 


a834 


KQ 


223.60 


MgCl2.6H20 


122.00 


Naa 


7599.00 


NaHCOs 


1176.00 


Na2HP04.7H20 
ZnS04.7H20i 


268.00 
0.863 


Other components: 




D-Glucose 


180Z.OO 


Hypoxanthine 


4.10 


Isolde acid 


a084 


Upoic acid 


0.21 


Phenol red 


1.20 


Putresdne 2Ha 


0.161 


Sodium pyruvate 


110.00 


Thymidine 


a73 


Amino Acids: 




L-Alanine 


8.90 


L-Arginine HO 


211.00 


L-Asparagine.H20 * 


15.01 


L-Aspartic add 


13,30 


L-Cystcine HCn.H20 


35.12 


L-Glutamic acid 


14.70 


L-Glutamine 


146.00 


Glycine 


7.50 


L-Hstidine HQ Jl20 


20,96 


L-Isoleucine 


3.94 


L-Leudne 


13.10 


L-Lysine HQ 


36.50 


L^ethionine 


4.48 


L-Phenylalanine 


4,96 


L-Proline 


34.50 


L-Serine 


10.50 


L-Threonine 


11.90 


L-Tryptophan 


2.04 
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TABLE 3-continued 



FI2 MEDIUM 



COMPONENT 


mg/L 


L-Tyrosiae 


5.40 


L-Valiac 


11,70 


Vitamins: 




Biottn 


0.0073 


D-Ca Pantothenate* 


0.4800 


Choline chloride 


13.9600 


Folic add 


1.300 


i-Inosttol 


18.000 


Niacinamide 


a0370 


Pyridoxine HO 


a0620 


Riboflavin 


0.0380 


Tliiainme HCl 


0.3400 


Vitamin B12 


13600 



5 
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Value estabSsbed by the TCSG 

HN2 medium is prepared in polycarbonate tubes and 
filter sterilized using Milex yellow (i,e. **protein" non- 
absorbing) filters (WKDipore Corp., Bedford, MA). The 
medium is stored not more than 2 days at 4' C. prior to 
use. 

Enzymatic Dissociation of Cells 
Preparation of Monolayer Culture ^5 

1. Pool all dissected sections in a drop of HBSS, Chop 
into pieces not greater than about 0,5 mm with 
small razor blade holder. 

2. Transfer pieces to a 15 ml tube previously rinsed 
with 4 ml of HBSS/BSA, using a Pasteur pipet 30 
previously washed with HBSS/BSA, 

3. Centrifuge cells at 75Xg for 2 minutes. 

4. Resuspend the pellet in a minimum of 0.5 ml Dis- 
pase (Collaborative Research cat no. 40235). This 

is sufficient volume for less than 5 embryos (as 35 
starting material). For 10 embryos, use 1 ml, etc. 

5. Incubate 20 minutes at 37* C. with gentle shaking 
every 5 minutes to resuspend pieces. 

6. Add 2 ml HBSS/BSA for every 0.5 ml Dispase. 

7. Centrifuge cells at 75Xg for 2 minutes. 40 

8. Aspirate si4>ematant and discard. 

9. Resuspend pellet in 0.9 ml HBSS +0.1 ml DNase 
stock solution. Gently triturate with a BSA-coated, 
fire-polished Pasteur pipet (bore reduced to about 
half of its normal diameter) until a homogeneous 45 
solution is obtained. Do not leave the cells in the 
DNase stock solution for more than 5 minutes. 

10. Layer cdl suspension over 4 ml of HBSS/BSA. 
U. Centrifuge at 119Xg for 15 minutes. 

12. Aspirate the supernatant and discard. Resuspend 50 
the cell pellet in culture medium with the BSA- 
coated, fire-polished Pasteur pipet 

13. Count cells with a hemacytometer. 

14. Before proceeding with ceUs triturate again with 
BSA-coated Pasteur pipet as cells clump rapidly 55 
upon standing. 

Seeding Neural Epithelial Cells for Monolayer Cultures 
1. Resuspend isolated cells at 5X 10^ cells/ml in F12 
medium (Gibco cat. no. 320-1765) containing 5% 
v/v Chang's Supplement C (Irvine Scientific), and 60 
2mMglutaminePiereinafter F12-f5% Chang's). 2. 
Seed cells on poly-l-omithine coated (see below) 
tissue culture plastic at 0.85 X 10^ cells/cm^. Poly- 
l-omithine coated plastic: 

Prepare plastic the day prior to use. Dilute stock 65 
poly-l-omithine (1.0 mg/ml poly-l-omithine, 
Sigma P-2533 in sterile 0.2M borate buffer, pH 8) 
1:250 v/v in sterile borate buffer. Add an appro- 
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priate volume to sxirface to be coated and incu- 
bate 4 hours at 37' C. Transfer plates to 4' C. for 
overnight storage. Aspirate poly-l-omithine off 
the plate and rinse three times with sterile H2O 
before use. 

3. The day after seeding cells, add an appropriate 
volume of fresh F12+5% Chang's to the cultures. 
On day 5 after seeding and every 3 to 4 days there- 
after exchange feed, Le., remove half of the "old" 
medium and replace with fresh HN2 Medium. 
When switching the initial culture medium to the 
growth medium, either all of the medium can be 
replaced or, preferably, half of the medium can be 
replaced with new HN2 Medium being used at 
each subsequent feeding. 
Passagmg Neural Epithelial Cells 

1. Depending on growth, subculture prior to exten- 
sive neurite formation. 

2. Pool media from wells or plates. Wash each well or 
plate containing attached cells one time gently with 
calcium-free, magnesium-free Hanks Basal Salt 
Solution (CMF-HBSS) and add to above medium. 

3. Centrifuge 75 Xg for 2 minutes at room tempera- 
ture. Resuspend the pellet in 0.5 ml 0.02% ethyl- 
enediamine tetraacetic acid (EDTA), 0.05% tryp- 
sin m CMF-HBSS (trypsin-EDTA). Incubate 37" 
C. for 5 minutes. 

4. To washed, attached cells, add an appropriate 
volume of trypsin-EDTA. When passaging pri- 
mary and secondary culmres, mcubate at 37' C. for 
10 to 15 minutes. For latex passages, incubate only 
5 minutes. 

5. Poo! trypsmates. Wash wells with F12-|-5% 
Chang's and add to trypsinate. Add F12H-5% 
Chang's to equal the volume of the trypsinate. 

6. Centrifuge at room temperature at 150 Xg for 2 
minutes. 

7. Resuspend the pellet in 0.75 ml HBSS and triturate 
with fine bore or very fine bore Pasteur pipet just 
until clumps disappear, usually not more than 20 
times. 

8. Add 0.75 ml Fl24-5% Chang's and layer on top of 
4 ml of HBSS/BSA. 

9. Centrifuge 119xg for 15 minutes. 

10. Discard supernatant Resuspend pellet in 0.75 ml 
F12-i-5% Chang's. Triturate ten times or so with 
very fine bore Pasteur pipet. 

1 1. Count cells in a hemacytometer and resuspend in 
medium to 5x10^ cells/mi. Plate on poly-l-omi- 
thine coated plastic at 0.85 X 10^ cell/cm^. 

12. Proceed as described for primary monolayer cul- 
ture above or perform selection procedures, such 
as FACS (fluorescent-activated cell sorting) or 
magnetic bead antibody sorting, and reculture in 
monolayer as described above or reculture in ag- 
gregates as described. Following growth of the 
neuron progenitor cell cultures for 5-15 days, the 
cultures can be implanted. When convenient, the 
cultures can be stored frozen prior to implantation. 
A preferred procedure and thawing cells is de- 
scribed below. 

Freezing and Thawing Neural Epithelial Cells The 
cultures can be frozen and thawed by the following 
procedure. 

Freezing Cells 
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1. CeUs from monolayer cultures are frozen by this 
procedure following the same procedure used for 
passaging cells. Aggregates are frozen in same 
medium, but need not be at any critical concentra- 
tion of cells. They can be thawed back out as ag- 3 
gregates and recultured or transplanted. 

2. Suspend cells in F12-f-5% Chang's +2 mM gluta- 
mine medium (at about 2x lOVml for trypsinates 
of monolayer cultures). 

3. Cool on ice for about 5 minutes. 10 

4. Add an equal volume of cold 20% dimethylsulfox- 
ide (DMSO) in F12+5% Chang's dropwise while 
mixing for a final cell concentration of lOVml. 

5. Incubate on ice for 30 minutes. 

6. Aliquot into labeled, screw cap freezing vials. 15 
Label with cdl type, passage number^ date and 
volume frozen. 

7. Transfer vials (wrapped in cotton) to a pre-cooled 
freezing carton at —20" C for 1 hour. 

8. Transfer vials to a —80' C. freezer overnight, then 20 
transfer to a liquid N2-containing dewar flask. 

Thawing Cells 

1. Remove vials from liquid N2. 

2. Thaw rapidly in 37* C water bath. 

3. As soon as thawed (about 30 seconds for ISO ftl ), 25 
add an appropriate volume of FH+S^ Chang's 
medium at 37^ C. to obtain final cell concentration 
of 2X 10^ cells/ml. At this pomt cells may be trans- 
planted or passaged further. A preferred transplan- 
tation procedure is described below. 4. For passag- 30 
ing monolayer cultures, plate cells on poly-l-omi- 
thine-coated plastic at 3.4x 10^ cells/cm^. 

IN-VITRO DIFFERENTIATION OF 

PROGENITOR C^LLS 35 

Neuron progenitor cells can be induced to differenti- 
ate in vitro by adding a differentiation agent to the 
culture medium at an effective concentration for a time 
suffident for progenitor cells in the culture to differenti- 
ate. A sufficient period of time can be determined by 40 
monitoiing the cultures for a significant increase in 
levels of TH or dopamine. 

Differentiation agents include sodium butyrate, bu- 
tyric acid, cyclic adenosine monophosphate (cAMP) 
derivatives, phosphodiesterase inhibitors, adenylate 45 
cyclase activators and prostaglandins. Effective levels 
are determined empirically by titration. A preferred 
differentiation agent is a cAMP derivative. Preferred 
cAMP derivatives are 8-bromo-cyclic AMP and di- 
butyryl-cydic AMP (dbc-AMP). Most preferred is 50 
dbc-AMP at a concentration in the range of from about 
2 to about 5 mM (final concentration in the culture 
medium). 

The (fifferentiation agent can be added to the culture - 
medium once the cells have been in growth medium for 55 
at least about five days. Preferably, the differentiation 
agent is added prior to ten days in growth mediuuL 

When the growth mediun^is replaced during the 
differentiatioa period, the replacement medium con- 
tains the differentiation agent Differentiation is substan- 60 
tiaUy complete following at least about seven days of 
continuous exposure to the differentiation agent Seven 
days of use of the differentiation agent is optimal. Fol- 
lowing completion of differentiation, the differentiation 
agent is preferably removed. Prolonged exposure to the 65 
agent may be toric. Following completion of differenti- 
ation, differetniated progenitor cells in the culture cease 
proliferation and are preferably transplanted. 



883 

14 

When using the differentiated cells for implantation, 
the time required to cure Parkinsonian symptoms is 
shorter than when undifferentiated progenitor cell cul- 
tures are implanted. Differentiated cells do not require 
an initial period of time in vivo to differentiate to gain 
the ability to produce tyrosine hydroxylase. 

TRANSPLANTING NEURAL EPITHELIAL 
CELLS 

The neuron progenitor cell cultures can be trans- 
planted by well known procedures for implantation of 
neural tissue. A preferred procedure is described below. 
Following transplantation, neuron progenitor cells in 
the resultant grafts differentiate to produce their differ- 
entiated counterparts, neurons. A subpopulation of the 
neurons are TH-containing neurons which produce 
fimctional effects in the host animal. 
Preparation of Cells for Transplantation 

1. Cells can be transplanted by this procedure: 

a. Immediately af^ isolation from the embryo; 

b. After passaging; 

c. After growth as an aggregate culture; 

d. After freezing and thawing; or 

e. After selection from a monolayer. 

2. Resuspend cells at l-SXlO^ cells/6 ^f HBSS. 
Hold cells at 4^ C. throu^out the transplantation 
procedure. 

Transplantation Procedure 

1. Weigh and inject the rat with the Ketamine/Xyla- 
zine cocktail (Ketamine: Parke-Davis (VetaJar) 
Morris Plains, NJ.; Xylazme: Rugby (GeminQ 
Rockville Center, N.Y.) by mtra^eritoneal (IP) or 
intramuscular injections to induce surgical anesthe- 
sia. IP injections have a quicker onset of action and 
produce surgical anesthesia for approximately 
30-45 minutes. 

2. At 5-10 minutes post injection, check the rat for 
tail reflex. Absence of a tail pinch reflex is a fairly 
reliable indication that the rat has reached surgical 
anesthetic plane. Whisker movement and strong 
corneal reflex are indicators that a supplementary 
dose should be given (0.05-0.10 ml Ketamine/X- 
ylazine). The cocktail tends to produce a charac- 
teristic **bugging" of the eyes. 

3. Shave the animal at the site of incision. 

4. Due to the length of surgical procedure, rinse the 
rates eyes with saline and place a drop of mineral 
oil in its eyes. 

5. Position the rat in the ear bars of a Kopf stereotaxic 
apparatus by inserting one ear bar at a time into the 
auditory canal. Check the coordinate position of 
the incisor bar and then position it imder the incisor 
teeth of the rat and pull taut Close the nose clamp 
firmly but gentiy. 

6. Make a 0.5" incision from eye midline to just above 
the ears. Cut the fascia in a crisscross pattern with 
the surgical knife and scrape the fascia away with a 
scalpel. Attach the hemostats to the remaining 
muscle and fascia at the borders of the incision to 
help reveal the skull surface. 70% alcohol-soaked 
applicators help to define the sutures. Bregma, 
lambda and sagittal sutures should be visible if the 
incision was made correctly. 

7. Draw xxpSpAoi cell suspension into a 10 pX Hamil- 
ton syringe fitted with a 22 gauge, 1" long, blunt- 
end needle. 

8. Moimt the syringe in the syringe holder. Align the 
needle over the bregma suture. Coordinates relate 
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to anatomical positions within the rat brain, as 
taken from a stereotaxic atlas. All numbers read on 
the stereotaxic apparatus. When needle is at 
bregma (the zero position in the anterior-posterior 
(AP) and medial-lateral (ML) directions) and skull 5 
surface (the Dorsal- Ventral (DV) zero coordinate), 
these are the zero coordinates, (In calculating the 
zero coordinate position, it may be necessary to 
take an average zero coordinate if a poor intersec- 
tion coronal and sagittal of the sutures exist) The lo 
transplant coordinates are added and/or subtracted 
from the zero settings. Moving to these coordinates 
win put the needle into the anatomical area of the 
brain that corresponds to the transplant coordi- 
nates taken from the atlas. 15 
Calculate the surgical structure coordinates desired 
for the AP, ML positions. Again, lower the nee- 
dle tip to the surface of the skull but this time at 
the needle entry site. Record the DV zero coor- 
dinates and then calculate the structure depth. 20 
Coordinates for transplant: AP-hl.O, ML 2.5, 
DV 6.2 and 4.5 from skull surface, with incisor 
bar at zero. 

9. Mark the location of entry with a ball-point pen. 
Clear the needle and syringe oiit of the way by 25 
turning the DV knob in a coxmter clockwise direc- 
tion and then drill a hole in the skull using a hand- 
driven pm vise and bit Be careful to only drill 
through the skull and not through the dural mem- 
brane. 

10. Lower the syringe to lowest of DV coordinates. 

11. Inject 3 p,l of cells at each site, at a rate of 1 
pl/min. Wait 2 minutes before raising needle to 
second site. Wait another 2 minutes before remov- 
ing needle at a rate of 1 mm/min. Removal rate can 35 
be increased to 2 mm/min. for the last couple of 
millimeters. 

12. Remove the rat from the stereotaxic device. Swab 
any clotted blood, apply wound powder, suture 
and reapply woimd powder on the closed wound ^ 
(Nitro-fur-wound powder; Life Science Products; 
St Joseph, Mo.). 

This invention is further illustrated by the following 
specific, but non-Hmiting examples. Unless otherwise 
specified, all temperatures are in degrees centigrade and 
all percentages are in weight percents. Procedures 
which have been reduced to practice are presented in 
the past tense, and procedures and products which are 
first reduced to practice in the filing of this appHcation 
are presented in the present tense. 

EXAMPLE 1 

Fixation of Brain 

Rat brain tissue was fixed by the following proce- 
dure. 55 

1. The rat is deeply anesthetized with pentobarbital. 

2. Set the pump on 45 (about 30 ml/min) and prime 
the tube with 0. IM phosphate buffered saline (here- 
inafter PBS or aiM PBS) (Formula: 14.8 g NaHa. 
PO4, 4.3 g Na2HP04, 7.2 g NaCl for 1 L. of O.IM 60 
PBS). 

3. Open the thoracic cavity, clamp off the descending 
aorta and insert the needle into the left ventricle. 
Cut a small hole in the right atrium and start the 
pump. 65 

4. Perfuse 100-200 ml of PBS, turn off the pump, 
transfer the tube to the 4% paraformaldehyde 
without creating air bubbles, and restart the pump. 
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Perfuse approximately 250 mL Tom the pump off, 
disengage the needle, rapidly decapitate the rat, 
and dissect out the brain. 
5, Place the brain in 4% paraformaldehyde (4% para- 
formaldehyde in O.IM PBS) for 2 hours. Wash in 
PBS and transfer to 30% sucrose with 0.1% so- 
dium azide overnight and hold no longer than 1 
week for sectioning. 

EXAMPLE 2 

Sectioning of Fixed Brain Tissue 

Brain tissue which was fixed according to the proce- 
dm-e m Example 1 was sectioned by the following pro- 
cedure. 

1. Cut into blocks about 7 mm thick. 

2. Snap freeze blocks in dry ice/ethanol. 

3. Cut frozen blocks on a sliding microtome at 40ft. 

4. Store sections at 4" C. m O.IM PBS with 0.1% Na 
azide up to 2 weeks before staining for tyrosine 
hydroxylase (JH). For long term storage: 30% 
ethylene glycol, 25% glycerin in 0.05M phosphate 
buffer. 

EXAMPLES 
Tyrosine Hydroxylase Staining of Sections 

Sections prepared according to the procedure de- 
scribed in Example 2 were stained for tyrosine hydroxy- 
lase by the procedure described below. 

Day 1 

1. Wash sections in O.IM PBS pH 7.4, two times, 5 
minutes each. 

2. Incubate in 3% hydrogen peroxide in distilled 
water for 5 minutes to block endogenous peroxi- 
dase activity. 

3. Wash briefly in distilled water. 

4. Wash in PBS three times, 5 minutes each. 

5. Incubate in PBS with 3% goat serum (normal goat 
serum. Vector Labs; Burlingame, Calif.) for 30 
minutes (to block non-specific staining when using 
a primary rabbit antibody and a secondary goat 
anti-rabbit antibody). 

6. Wash in PBS three times, 5 minutes each. 

7. Incubate in tyrosine hydroxylase antibody (Eugene 
Tech International; Allendale, N.J. at 1:500 dilu- 
tion or East Acres; Southbridge, Mass. at 1:2000 
dilution for rat brains and 1:2500 dilution for mouse 
brains) diluted in PBS with 1% goat serum and 
0.1% Triton X-lOO overnight at room temperature, 
agitated on a fish-tank aerator. 

Day 2 

8. Wash in PBS with 1% goat serum three times, 5 
minutes each. 

9. Incubate in Biotinylated anti-Rabbit IgG (Vector, 
Burlingame, Calif, reconstituted in 1 ml, use 1:300 
dilution in PBS) for 1 hour. 

10. Wash in PBS with 1% goat serum three times, 5 
minutes each. 

11. Incubate in ABC solution (Vector, Buriingame, 
Calif, dilute each solution A and B 1:100 in PBS, 
then let sit for 30 minutes before incubation) for 1 
hour. 

12. Wash in PBS three times, 5 minutes each. 

13. Incubate in 3,3 diaminobenzidene (DAB) sub- 
strate (Litton Bionetics, Durham, N.C; reconsti- 
tute in 1 ml O.OIM phosphate buffer (PB) [use O.IM 
phosphate buffer diluted 1:10], then dilute DAB 



1:10 with 0.01M PB, filter and add 2 ^1/ml of 30% 
Hydrogen Peroxide) for 10 minutes. 

14. Wash in tap water. 

15. Mount the floating sections from PBS on subbed 
slides^ (slides dipped in 0.25% chromium potassium s 
sulfate and 2.5% gelatin in distilled water, then 
dried) dry, wash m distilled water, dehydrate in 
95% EtOH 2 miTintes, 100% EtOH two times, 2 
minutes each, then Hemo-De (Xylene substitute. 
Fisher Corporation, Springfield, NJ.) three times, lo 
2 minutes each, and coverslip using Protexx mount- 
ing media (VWR, San Fxandsco, Calif.). 

EXAMPLE 4 

Quantitative Analysis of TH-Podtive Cell Bodies in 15 
Sections £rom Grafted Brains 

Tyrosine hydroxylase (TH) positive stainmg was 
used as a marker for those neurons which contain dopa- 
mine. TH-podtive cell bodies in the graft arjca which 
had been stained by the procedure described in Exam- ^ 
pie 3 were quantitated by the procedure described be- 
low. 

1. All TH-positive cell bodies are counted in every 
third section throughout the graft using a Zeiss 
microscope at 100 X magnification. 25 

2. The section thickness is measured at lOOOx using 
an oil immersion objective. Thickness in microns is 
found by focusing on the top of the section, record- 
ing the micrometer reading on the focusing knob of 
the microscope, and then focusing through the 30 
section to the bottom and computing the difference 

in readings. The thickness is measured in two dif- 
ferent areas on five representative sections. 

3. The cell body length is measured at 1000 X magni- 
fication using an ocular micrometer or the video 35 
image analyzer. Ten typical cell body lengths are 
measured per section on ten representative sec- 
tions. Due to shrinkage in the section thickness and 
cell diameter during histological preparation, these 
measurements must be taken at the time of coxmt- 40 
ing. 

4. Approximation of the number of cells in the sec- 
tions not counted is done using the formula being: 

Ai=^AHiJS-jf)/n and A2-^A+2[iiB-A)/2] 45 

where: A=:the number of cells counted in the first 
section, and B=the mmiber of cells counted in the 
second section, and Ai and A2 are the number of 
cells from the sections not counted between A and 59 
B. 

5. Abercrombie correction for double counting cell in 
adjacent sections was used to correct the approxi- 
mation. The formula is: 

corrected nimiber= (experimental cell number). 
[(average section thickness) / (average cell diam- 
eter -f average section thickness)] 

EXAMPLE 5 

Implantation of Progenitor Cell Cultures In Vivo ^ 

Grafts of cultured fetal pig progenitor ceU c\iltures of 
this invention function in the Parkinsonian rat model. 
(The Parkinsonian rat model was described by Strecker 
et al., Exp. JBrairt Kes. 76:315-322 [1989]and Brundin et 
al., NeuroscL Lett 61:79-84 [1985]. Those articles are 65 
incorporated herein by reference in their entirety,) 
Donor tissue was dissected from the ventral mesen- 
cephalon of stage 15-18 fetal pigs (21-24 day fetal pigs). 
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enzymatically dissociated, mechanically triturated, and 
cultured as described above for aggregate cultures for 
15 days. Typk:ally, 3x10* cells were plated per well; 
and, after 6-150X proliferation, the cells were trans- 
planted (1 well/rat). The cultured tissue was injected 
directly into the dopamine-denervated striata of host 
rats. By 16 weeks post-implantation, eleven of 20 
grafted rats have shown bdiavioral recovery m the 
amphetamine-mduced rotation test Histological analy- 
sis revealed very large grafts containing numerous do- 
pamine neurons as identified by tyrosine hydroxylase 
(TH) immuaohistochemistry according to the proce- 
dure described in Examples 1-4. 

The average density of the TH-positive neurons in 
functioning grafts was found to be greater than 100 
cells/mm'. Most commonly, TH-positive neurons were 
found to be situated at the graft periphery. Occasion- 
ally, rosette-like structures were observed within the 
grafts. 

A parallel experiment combining immunohistochem- 
istry and autoradiography has shown that when such 
cultures are labeled for 2 days in vitro with sH-TdR 
(days 5-7) and grafted at day 7, numerous TH-positive 
grafted neurons containing label are found at 4 weeks 
post-grafting. That e3q>eriment is described in Example 
6. 

EXAMPLE 6 
Proliferation of Progenitor Cell Cultures In Vitro 

1 . Donor tissue was dissected from the ventral mesen- 
cephalon of stage 16 fetal pigs, enzymatically disso- 
ciated, and cultured as described for aggregate 
cultures for 7 days, 

2. From day 5 to day 7, the cells were labelled with 
tritiated thymidine, at 0.1 fiQ/ml (New England 
Nuclear, 20 Ci/mM, 1 mCVml, Boston, Mass.) 

3. On day 7, medium was removed, cells were 
washed three times with HBSS, and transplanted as 
described into nude mice. 

4. Brains were sectioned as described after 4^d 
8-week transpkmt times. 

5. Sections were stained for TH as described. 

6. Slides were prepared for autoradiography: sHdes 
were dipped into NTB2 (1:1 with H2O) (all rea- 
gents: Kodak, Rochester, N.Y.), and air dried in the 
dark. 

7. SHdes were exposed at 4° C for 2 weeks. 

8. SHdes were warmed to room temperature, and 
developed in 50% Dektol for 1 minute. 

9. SHdes were rinsed in H2O for 10 seconds. 

10. Slides were fixed in 25% Kodafix for 4 minutes. 

11. SHdes were rinsed in H2O for 10 minutes before 
drying and coversHpping. 

12. TH(+) cells were coimted, and the percentage of 
those cells which had incorporated label into their 
nuclei was determined. 

13. 50% of aU TH(-I-) cells had incorporated thymi- 
dine between days 5 and 7 in culture. 

EXAMPLE 7 

Minimum TH(-f) Cell Density Required For Cure 

1. Twenty-seven ablated rats were transplanted with 
stage 15-18 porcine tissue (day 21 to 24), either 
fresh or aggregated in culture, by techniques de- 
scribed. 
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Z The rats were analyzed for function by the proce- 
dure described in Strecker et al., Exp. Brain Res. 
76:315-322 (1989) during a 16-week period post- 
implantation. 

3. The total number of TH(-l-) cells in each graft was 5 
counted as described. 

4. The area of the graft in each section was calculated 
with the use of Vidometiic 150 software (Ameri- 
can Innovision, San Diego, Calif). 

5. The total volume of each graft was calculated 10 
using the same formula used for determining the 
total number of TH(-H) cells in the graft, as de- 
scribed. 

6. The number of TH(+) cells/mm^ was determined 
for each graft. 

7. The results indicated that for 100% functional 
recovery at least 100 TH(+) cells must be present 
in each mm^ of tissue. 

8. Comparison of the group of transplants which - 
showed 100% functional recovery to the group of ^ 
transplants which showed either partial or no fanc- 
tional recovery by a Maim-Whitney test showed 
that the densities of the 2 groups are significantly 
different (p<0,0005). 

EXAMPLES 
In Vitro Induction of Differentiation 

Eight replicate aggregate cultures of human neuron 
progenitor cells prepared as described above were 30 
switched from initial medium to growth medium on day 
5. On day 14, the following concentrations of potential 
differentiation agents, retinoic acid and di-butyryl cyc- 
lic AMP (dbc-AMP) were added to the cultures. 

Retinoic acid (X lO-^M): 0; 0.2; 1.0; 5.0 35 

dbc-AMP (mM): 0; 0.4; 2.0; 10.0 

Following seven days in the presence of the differen- 
tiation agent, the cultures were evaluated for the 
amount of tyrosine hydroxylase (TH) DNA by standard 
protein immimo-slot-blot techniques. The cultures with- 40 
out differentiation agent were used as controls. All of 
the cultures with added retinoic acid had &om about 80 
to 1 10% of the amount of TH as the control cultures. 
For the cultures with dbc-AMP, the amoimt of TH 
production was significantly increased as shown below. 45 



dbc-AMP (mM) 


0.4 


2.0 


10.0 


% of control DNA 


400 


650 


175 



The study demonstrates that the amount of TH DNA 
in the cultures was significantly increased using dbc- 
AMP, but was unchanged using retinoic acid. 

Six replicate samples of two porcine cultures from 
two different litters (designated 1133-44 and 1016-94) 
were switched to growth medium at day 5 and grown 
for 10 days in the absence of a differentiation agent 
followed by 7 days in the presence of the concentrations 
of dbc-AMP stated below. The amount of TH/DNA 
was evaluated by slot-blot as described above. The 
results are illustrated below. 
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-continued 





% of Control 






Culture 


dbc-AMP (mM) 


1133-44 


1016-94 


0.5 


125 


140 


1.0 


130 


160 


2.0 


175 


260 


5.0 


275 


330 


lao 


200 


200 



As shown in the table, the most effective concentration 
range for dbc-AMP as a differentiation agent is from 2.0 
to 5.0 mM. 

EXAMPLE 9 

Analysis of Catecholamines of Neuron Progenitor Cell 
Cultures 

The catecholamine content of neuron progenitor cell 
cultures was studied to characterize changes in cate- 
cholamine production following in vitro induction of 
differentiation. An HPLC analysis determined the ap- 
proximate concentration and ratios of the three major 
brain catecholamines; dopamine, epinephrine and nor- 
epinephrine. 

The cell cultures analyzed included a "control" cul- 
ture. The control culture was freshly isolated cells from 
ten porcine embryos (21-day ventral mesencephalon) 
prepared as described in Example 5. The "standard" 
culture was a neuron progenitor cell culture of this 
invention prepared as described in Example 5 from the 
same embryo preparation as the control culture and 
cultured for two weeks. That culture included approxi- 
mately one embryo-equivalent of cells. The third cul- 
ture was a two week progenitor cell culture prepared as 
the standard culture and then differentiated using 5 mM 
dibutyryl cyclic AMP for one additional week as de- 
scribed in Example 8 (for a total of three weeks in cul- 
ture). That culture included approximately one-third 
embnryo-equivalents of cells. 

The HPLC analysis determined that the freshly pre- 
pared culture did not have detectable amounts of cate- 
cholamines. (The HPLC method can detect the pres- 
ence of 10 picogran:is of catecholamines.) The standard 
culture had at least about 100 picograms of catechola- 
mines (at least 100 X the catecholamine content per 
embryo equivalent of freshly isolated cells). The differ- 
entiated culture had several fold greater catecholamine 
content (at least 3x) than the standard culture (at least 
10 X the catecholamine content per embryo equivalent 
of the standard ciilture). 

In addition to producing substantially more cate- 
cholamines than the standard culture, the differentiated 
neuron progenitor cell culture produced different pro- 
portions of the three major brain catecholamines. The 
ratio of the concentration of dopamine to epinephrine to 
norepinephrine for the standard culture and the differ- 
entiated culture are shown below. 



dopamine epinephrine norepinephrine 

standard l.OO 0.85 0.49 

differentiated 1 .00 0,99 0.63 



% of Control 65 This Example demonstrates that the cultures of this 

Ci^iHES invention are biochemically distinguishable from 

dbc-AMP (mM) n33^ '016.94 freshly isolated ventral mesencephalon cells from 

0 100 100 which they were derived The Example also demon- 



strates that in addition to the observable differences in 
the cell cultures following difTerentiation which are 
described in Example the cultures also produce more 
catecholamines having a different ratio of the major 
brain catecholamines. ' ^ 
What is claimed is: 

1. A culture consisting essentially of jnaniTnalian ven* 
tral mesencephalon neuron progenitor cells or mamma- 
lian ventral mesencephalon neuron progenitor cells and 
their differentiated counterparts, said neuron progenitor 
cells being taken from a region of the brain that pro- 
duces dopaminergic cells at a stage of development 
when the region of the brain has no dopamine-contain- 
ing cells, said neuron progenitor cells in said culture 15 
having undergone at least one round of cell division 
after dissociation of tissue used to establish said culture, 
said progenitor cells in said culture being capable of 
seven to eight rounds of cell division after dissociation 
of said tissue. ^ 

2. The culture of claim 1 wherein said progenitor 
ceUs are pordne. 

3. The culture of claim 1 wherein said progenitor 
ceOs are human. 

4. The culture of claim 1 wherein said culture is capa- 
ble of curing Parkinsonian symptoms about 4 mondis 
following implantation. 

5. The culture of claim 1 wherein said culture com- 
prises cell aggregates. 3q 

6. The culture of claim 5 whereia said aggregates 
range in size from about 100 to about 1000 microns. 

7. The culture of claim 5 wherein said aggregates 
have loci of undifferentiated cells and loci of neurons. 

8. A method for evaluating an agent which inhibits or 35 
enhances neuroblast proliferation or differentiation or 



883 

22 

for evaluating the toxicity of an agent on neurons com- 
prising combining said agent with a culture of claim 1. 

9. A method for producing a culture comprising neu- 
ron progenitor cells comprising: 

a. obtaining ventral mesencephalon tissue from a 
mammalian embryo at Carnegie stages from IS 
through 18; 

b. dissociation of said tissue to obtain single cells and 
small cell clusters for culture 

c. culturing said single cells and small cell clusten in 
an initial culture medium which promotes the sur- 
vival of neuron progenitor cells which are capable 
of proliferating in serum-free, defined medium for a 
sufiicient period of time to produce a cell culture 
containing neuron progenitor cells capable of pro- 
liferating in serum-free, defined mediun^ and 

d. growing said cell culture containing neuron pro- 
genitor cells in a medium which tnaititainft neuronal 
cells. 

10. The method of claim 9 wherein said medium of 
step (c) is Ham's F12 mediuon supplemented with 
Chang's supplement C. 

11. Hie method of claim 10 wherein said medium is 
additionally supplemented with glutamine and superox- 
ide dismutase. 

12. The method of claim 9 wherein said medium of 
step (d) is HN2 medium. 

13. The method of claim 16 wherein said medium of 
step (d) is HN2 medium. 

14. The method of claim 9 wherein said period of 
time is 5 days. 

15. The n^ethod of claim 9 wherein said culture is an 
aggregate culture. 

15. The method of claim 14 wherein not more than 

10^ cells are seeded per culture. 

« * * * « 
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ABSTRACT 



A method for producing genetically modified neural cells 
conqnises culturing cells derived firom embryonic, juvenile, 
or adult mammaHan neural tissue with one or more growth 
factors that induce multipotent neural stem cells to prolif- 
erate and prodnce nudtipotettt neural stem ceU progeny 
wtiich include more daughter multipotent neural stem cells 
and undifferentiated progeny that are capable of differenti- 
ating into neurons, astrocytes, and oligodendrocytes. The 
proliferating neural cells can be transfected with exogenous 
DNA to i^oduce genetically modified neural stem cell 
progeny. The genetic modification can be for the production 
of biologically aseful proteins such as growth factor 
products, growth factor receptors, neurotransmitters, neu- 
rotransmitter receptors, neuropq>tides and neurotransmitter 
synthesizing genes. The multipotent neural stem cell prog- 
eny can be continuously passaged and proliferation reiniti- 
ated in the presence of growth factors to result in an 
unlimited supply of neural cells for transplantation and other 
purposes. Culture conditions can be provided that induce the 
genetically modified multipotent neural stem cell progeny to 
differentiate into neurons, astrocytes, and oligodendrocytes 
in vitro. 

40 Claims, 3 Drawmg Sheets 
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IN VITRO GROWTH AND PROLIFERATION progenitor cdls) proliferate. Proliferating ceils will give rise 

OF GENETICALLY MODIFIED to neuroblasts, gjtoblasts and new stem cells. 

MULTIPOTENT NEURALSTEM CELLS AND The second step is a period of ceU type differentiation and 

THEIR PROGENY migration when undifferentiated progenitor cells differenti- 

TTTTTTn ^ ate into neuroblasts and gliolblasts wbxcb. give rise to 

CROSS-REFERENCE TO RELATED neurons and glial cells wbich migrate to their final positions. 

APPUCAnONS Cells which are derived from the neural tube give rise to 

This application is a continuation-in-part of VS. Ser. No. neurons and glia of the CNS, while cells derived from flie 

08/270,412, filed JuL 5, 19^, now abandoned, which is a neural crest give rise to the cdls of the per^)heral nervous 

continaation of U.S. Scr. No. 07/726,812, filed JuL 8, 1991, system (PNS). Certain factors present during development, 

now abandoned; a continuation-in-part d U.S. Ser. No. sudi as nerve growth factor (NCff), promote &e growth of 

08085,404, filed Feb. 7, 1995, now abandoned, which is a °cural cells. NGF is secreted by cells of the neural crest and 

continuation of U.S. Ser. No. 07/961,813, filed Oct 16, stimulates tiic sprouting and growth of the neuronal axons. 

1992, now abandoaed, . which is a continuation-in-part of The third step in development occurs when cells acquire 
UJ5.Sei.No.07/726,8i2,filed JuL 8, 1991, now abandoned; specific phenotypic qualities, such as the expression of 
a continuation-in^ait of U,S. Ser, No. 08/359,945, filed particular neurotransnutters. At this time, neurons also 
Dec. 20, 1994, now abandoned, which is a continuation of extend processes which syn^se on their targets. Neurons 
U.S. Ser. No. 08/221,655, filed Apr. L 1994, now are generated primarily during the fetal period, while oli- 
abandoned, which is a continuation of U.S. Ser. No. 07/967, godendrocytes and astrocytes are generated during the eady 
622, filed Oct 28, 1992, now abandoned, which is a ^ post-natal period By the late post-natal period, the CNS has 
continuarion-in-part of U.S. Ser. No. 07/726,8 12, filed JuL 8, its Ml con^lemem of nerve cells. 

1991, now abandoned; a continuati(Hi-in-part of U.S. Sen The final stq> of CNS development is selective ceU death. 

No. 08/376,062, filed Jan. 20, 1995, now abandoned, whidi wheiein the degeneration and death of specific cells, fibers 

is a continuation of U.S. Ser. No. 08/010,829, filed Jan. 29, and synq>tic connections *^&-tune** the complex circuitry 

1993, now atiandoned, which is a continuation-in-part of ^ of the nervous system. This "fine-tuning" continues through- 
U.S. Ser. No. 07/726,812, filed JuL 8, 1991, now abandoned; out the Kfe of the host Later in life, selective degeneration 
a continuation-in-part of U.S. Ser. No. 08/149,508, filed due to agjuig, infection and oth^ unknown etiolo^s can 
Nov. 9, 1993, now abandoned, which is a continuation-in- lead to neurodegenerative diseases. 

part of U.S. Ser, No. 07/726,812. filed JuL 8, 1991, now UjHScc many other cells found in different tissues, fee 

abandoned; a continuation-hi-part of U.S. Scl No. 08/311. ^ differentiated cdls of fee aduU ma T"™Han CNS have litde 

099. filed Sep. 23, 1994, now abandoned, which is a ^ no ability to enter fee mitotic cyde and gaierate new 

continuation-in-part of U.S. Ser. No. 07/726,8 12, filed JuL 8, cells. While it is believed that feere is a limited and 

1991, now abandoned; and a continuation-in^>art of U.S. slow turnover of astrocytes (Koa et al., J. Comp. Neurol., 

Ser. No. 08/338,730, filed Nov. 14, 1994, now abandoned, 150:169, 1971) and that progenitors for oligodendrocytes 

whidi is a contmuation-in-part of U.S. Ser. No. 07/726,812, (Wolsqijk and Noble, Devdopmcnt, 105:386, 1989) arc 

filed JuL 8, 1991, now abandoned present, the generation of new neurons does not normailly 

FIELE) OF THE INVENTION . _ . ^ , , 

Noffogenesis, fee geaeration of new neurons, is con^lete 

This invention relates to a mefeod for fee in vitro culture ^ eariy in fee postnatal period. However, fee synaptic connec- 

andproliferationofmult^tent neural stem cells, and to fee tions involved in neural circuits are condnuously altered 

use of these cells and feeir progeny as tissue grafts, ia one feioughout fee life of fee individual, due to synaptic plas- 

aspect, this invention relates to a mefeod for fee isolation ticity and cdl death. A few raanmialian species (e.g, rats) 

and in vitro perpetuation of large numbers of non- exhibit fee limited ability to generate new neurons in 

ti minrig enic neural stem cell progeny which can be induced restricted adult brain regions such as fee dentate gyros and 

to differentiate and which can be used for neurotransplan- olfacto^ bulb (K^rfan, J. Comp. NcuroL, 195323, 1981; 

tadon in fee undifferentiated or differentiated state, into an Bayer, N.Y. Acad, ScL, 457:163, 1985). However, this does 

animal to alleviate fee synq>toms of neurologic disease, not apply to all mammals; and fee generation of new CNS 

neurodegeneration and central nervous system (CNS) cells in adult primates does not occur (Rakic, Science, 

traxmia. In anofeer aspect, this invention relates to a mefeod ^ 227:1054, 1985). This inability to produce new nerve cells 

of generatiDg neural cells for fee purposes of drug sctetaiing in naost mamTnalfi (and especially primates) may be advan- 

of putative feerapeutic agents targeted at fee nervous system. tageous for long-term memory retention; however, it is a 

In anofeer aspect, this invention also relates to a mefeod of distinct disadvantage when fee need to r^lace lost neuronal 

generating cells for autologous transplantation. In anofeer cells arises due to injury or disease, 

aspect, the invention relates to a mefeod for fee in vivo The low turnover of ceUs in fee mammalian CNS togefeer 

jffolif cralion and differentiation of fee neural stem ocU ^ujj inability of fee adult mammalian CNS to generate 

fffogeny m fee host. neuronal cdls in response to fee loss of ceUs following 

BACKGROUND OF THE INVENTION ^^"^ ^ ^^"^ ^ assumption feat fee adult 

mamniauaii CNS does not contain mulapotent neural stem 

The development of fee mammalian central nervous sys- go cells, 

tem (CNS) begins in the early stage of fetal development and The critical identifying feature of a stem cell is its ability 

continues until fee post-natal pedod. The mature mamma- to exhibit self-renewal or to generate more of itself. The 

lian CNS is composed of neuronal cells (neurons), and glial simplest definition of a stem ceU would be a cell wife fee 

cells (astrocytes and oligodendrocytes). capacity for self-maintenance. A more stringent (but still 

The first step in neural development is cell tarfe, which is 65 simplistic) definition of a stem cell is provided by Potten and 
fee precise temporal and spatial sequence in which stem Loeffier (Development 110:1001, 1990) who have defined 
cells and stem cell progeny (i.e daughter stem cells and stem cells as **undifferentiated cells capable of a) 
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proliferatioa, b) scif-maintenance, c) the producdon of a 
large number of differentiated functional progeny, d) regen- 
erating the tissue after injury, and e) a fiexfbility in the use 
of these options," 

The role of stem cells is to replace cells that are lost by 5 
natural cell death, injury or disease. The presence of stem 
cells in a particular type of tissue usuaUy correlates with 
tissues that have a high turnover of cells. However, this 
correlation may not always hold as stem ceUs are ttiought to 
be present in tissues (eg., liver (Travis, Science, 259:1829, 
1993]) that do not have a high turnover of cells. 

CNS disorders encon^ass numerous afOictions such as 
neurodegenerative diseases (e.g. Alzheimer^s and 
Parkinson's), acute brain injury (e.g. stroke, head injury, 
cerebral palsy) and a large number of CNS dysfunctions 
(e.g. depression. epUepsy, and schizoftoenia). In recent 
years neurodegenerativ& disease has become an in[^>octant 
concern due to the C3q)anding elderly population which is at 
greatest risk for these disorders. These diseases, which 
indude Alzheimer's Disease, Multiple Sdcrosis (MS), Han- ^ 
tington's Disease, Amyotrophic Doeral Sclerosis, and E*ar- 
kinson's Disease, have been linked to the degeneration of 
neural cells in particular locations of the CNS, leading to the 
Inability of these cells or the brain region to carry out their 
intended function. 

In addition to neurodegenerative diseases, acute brain 
injuries often result in tiie loss of neural cells, the inappro- 
priate fimctioning of tiie affected brain region, and subse- 
quent behavior abn<Hinalities. Probably the largest area of ^ 
CNS dysfunction (with respect to the number of affected 
people) is not diaractedzed by a loss of neural cells but 
rather by an abn<»mal functioning of existing neural cells. 
This may be due to inappropriate firing of neurons, or the 
abnormal synthesis, release, and processing of neurotrans- 
mitters. These dysfiinctions may be the result of well studied 
and characterized disorders such as depression and epilepsy, 
or less understood dis<Kders sudi as neurosis and psychosis. 

Degeneration in a brain region known as the basal gang^ 
can lead to diseases with various cognitive and motor ^ 
symptoms, depending on the exact location. The basal 
gan^a consists of many separate regions, including the 
striatum (whidi consists of the caudate and putamen), the 
globus p^dus, the substantia nigra, substantia innominate, 
ventral pallidum, nucleus basalis of Meynert, ventral t^- 
mental area and the subthalamic nucleus. 

Da the case of Alzheimer's Disease, there is a profound 
cellular degeneration of the forcbrain and cerebral cortex. In 
addition, upon closer inspection, a localized degeneration in 
an area of the basal ganglia, the nucleus basalis of Meynert, 
appears to be selectively degenerated. This nucleus normally 
sends cholinergic projections to the cerebral cortex which 
are thought to participate in cognitive functions including 
memory. 

Many motor deficits are a result of degeneration in the 
basal ganglia. Huntington's Chorea is associated with the 
degeneration of neurons in the striatum, whidi leads to 
involuntary jerking movements in the host Degeneration of 
a small region called the subthalamic nucleus is associated 
with violent flinging movements of the extremities in a 
condition called ballisnuis, while degeneration in the puta- 
men and globus pallidus is associated with a condition of 
slow writhing movements or athetosis. In the case of Par- 
kinson's Disease, degeneration is seen in another area of the 
basal ganglia, the substantia nigra par oompacta. This area 
normally sends dopaminergic connections to the dorsal 
striatum which are important in regulating movement 
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Therapy for Parkinson's IHsease has centered upon restoring 
dopaminergic activity to this ctrcuit 

Other forms of neurological inq>airment can occur as a 
result of neural degeneration, such as amyotrophic lateral 
sclerosis and cerebral palsy, or as a result of CNS trauma, 
such as stroke and epUepsy. 

Demyelination of central and peripheral neurons occurs in 
a number of pathologies and leads to in^oper signal 
conduction widiin the nervous systems. Myelin is a cellular 
sheath, formed by glial cells, (hat surrounds axons and 
axonal processes that enhances various electrochemical 
prcpeities and provides trophic support to the neuron. 
Myelin is formed by* Schwann cells in the FNS and by 
oligodendrocytes in the CNS. Among tiie various demydi- 
nadng diseases MS is the most notable. 

To date, treatment for CNS disorders has been primarily 
via the administration of pharmaceutical compounds. 
Unfortunately, this type of treatment has been fraught with 
many conqilications including the hmited ability to transport 
drugs across the Idood-braln barrier and tiie drug-tolerance 
which is acquired by patients to whom tiiese drugs are 
administered long-term. For instance, partial restoration of 
dopaminergic activity in Parkinson's patients has been 
achieved with levodopa, which is a dopamine precursor able 
to cross the blood-brain barrier. However, patients . become 
tolo^ to the effects of levodopa, and therefore, steadily 
inaeasing dosages are needed to maintain its effects. In 
addition, there are a number of side effects associated with 
levodopa such as increased and uncontrollable movement 
Recently, the concept of neurological tissue grafting has 
been ;^Ued to the treatment of neurological diseases such 
as Parkinson's Disease. Neural grafts may avert the need hot 
only for constant drug administration, but also for compli- 
cated drug delivery systems which arise due to the blood- 
brain barrio. However, there are limitations to this technique 
as welL First, cells used for transplantation which cany cell 
surface molecules of a differentiated cell frmn another host 
can induce an immune reaction in the host In addition, die 
cells must be at a stage of development where they are able 
to form normal neural coimections with neighboring cdls. 
For these reasons, initial studies on neurotransplantation 
centoed on the use of fetal cells. Perlow, et aL describe the 
transplantation of fetal dopaminergic n wens into adult rats 
with chemically induced nigrostriatal lesions in *^rain 
grafts reduce motor abnormalities produced by destruction 
of nigrostriatal dopamine system," Science 204:643-647 
(1979). These grafts showed good survival, axonal out- 
growth and sigoificantiy reduced the motcr abnormalities in 
the host animals. 

In both human demyelinating diseases and rodent models 
there is substantial evidence that demyelinated neurons are 
capable of rmyelination in vivo. In MS, for cxan^e, it 
appears that there are often cydes of de- and remyelination. 
Similar observations in rodent demyelinating paradigms 
lead to the prediction that exogenously applied cells would 
be capable of remyelinating demyelinated axons. This 
approadi has proven successful in a number c£ experimental 
conditions [Freidman et at, Brain Research, 378:142-146 
(1986); Raine, et ai, Laboratory Investigation 59:467-476 
(1988); Duncan et al., X of Neurocytology, 17351-360 
(1988)]. The sources of oeUs for some of these experiments 
included dissociated glial cell suspensions prepared firom 
spinal cords (Duncan et al., supra), Schwann cell cultures 
65 prepared ftom sdatic nerve [Bunge et ah, 1992, WO 
92/03536; Blakcmore and Crang, J. Neurol. Set., 
70:207-223 (1985)]; cultures from dissociated brain tissue 
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(Blakemoie and Orang, Dev. Neuroscl. 10:1-11 (1988)], (Cepko, 'Inmuntalization of neural cells via letrovirus- 

oUgodendrocyte precursor cells [Giuiqiel et aL, Dev.- Neu- mediated oncogene transduction,'* Ann. Rev. Neuroscl. 

msei. 11:132-139 (1989)], 0-2A cells [Wolswijk et aL, 12:47-63 [1989]) or by the cultuiing of cells with altered 

Development 109:691-608 (1990); Raff et aL, Nature growth c h a ra cte rist ics in vitro (Honnett, et aL, "Human 

'3030:390-396 (1983); Hardy et aL, Development S cortical neuronal cell line: Establishment from a patient with 

111:1061-1080 (1991)]. and immotaKzed 0-2A eeD lines, unilateral megalencephaly," Science 248:603-605 [1990]). 

[AJmazan and McKay Brain Res. 579:234-245 (1992)]i ^udi cells can be grown in culture in large quantities to be 

0-2A cdls are glial progenitor cells which give rise in «s«if<winflltiplefransplantal^^ 

™" 5^ iawB='">"» «^ B»™ shown to differentiate iroon chonical treatment to express a 

wfroonlytool^odendroqrtes and tyi^n ast^ ^ ^ 

1 'P"^ excitaWemembianeslandTynthesisofneurotninsmittersand 

H^^^^^^s-s^ir-eir.s^t^ ^Ts^nSt;trr^ri2«=e"= 

0-2Acellsisreqniredtoadequatelyrajvdmate«dlt^^ responses, the use of retroviruses to immoitalize cells, the 

neurons m VIVO, ^cert appears tha^0-2A«^^ 15 po^tial for the reversion of these cells to an amitotic sU*. 

^ cdl prions) do no t conhnue to divide in vivo. and the lack of response of these cells to normal growth- 

AlthooghO-2Aim,genrtor cells can be grown in culmre, j^.^^ iake cell lines less than opti^ for 

cmrcDtiy the only available isQiation techmqae envoys widesnrSdSe. 

optic nerve as starting xoateriaL This is a low yield source, TiL *. ^ . . . , ^ 

which requires a number of purification steps. There is an 20 Another wroach to neurotran^^plantation involves the 

additionaldrawbackthatO-2A«5Usisolatedbytheav^^^^ ''M^"^i*'T^^ ^'^'^y- 

procedurcsarecapabteofoolyaliinitednumteofdivisioas ^ % ^"^^ ^^TJ^^ ^ 

[Raff Science 2^0450^1455 (1989)]. introduced into a ccH whidi is detocnt m a particukr 

. , , - . . , ^ /J enzymatic activity, thereby allowmg the cell to express the 

Although adult CNS neurons arc not good candidates for g^^^ ^ells ^^di now contain the transferred gene can be 

neurotranspUntation,neuronsfromtheadultPNShavebeen ^ transplanted to the site of neurodegencratioD, and provide 

shown tosumvc transplantaUon, andtDex^ products such as neurotransmitters and growth factors 

and gkotrophic^ccts on developing host neural tissue. One (Rosenberg, et aL, •«Graftmg genetically modified cells to the 

source of non-CNS neural tissue for transplantation is flie damaged brain: Restorative effects of NGF Expression,- 

adrenal medulla. 30 5c/«ice 242:1575-1578, [1988]) which may function to 

Adrenal chromaflfin cells originate from the neural crest alleviate some of tiic synqrtoms of degencxatioa However, 

like PNS neurons, and receive synapses and produce carrier there stiU exists a risk of inducing an immune reaction using 

and enzyme proteins similar to PNS neurons. currently available cell Mnes. In addition, fiiese cells may 

Although these cells fimction in an endocrine manner in also not achieve nonnal neuronal connections with the host 

the intact adrenal Tncdnlla, in culture fliese cells lose their 3^ tissue. 

giUndiilar phenotype and develop certain neural features in Genetically modified cells have been used in neurological 

culture in the presence of certain growth factors and hor- tissue grafting in order to replace lost cdls which normally 

mones [Notter, et aL, 'Neuronal propoties of monkey produce a neurotransmitter;. For example, fibroblasts have 

adrenal medulla in vitro, CeU Tissue Research 244:69-76 been genetically modified with a retroviral vector containing 

(1986)]. When grafted into mammalian CNS, tiiese cdls a cDNA for tyrosine hydroxylase, which aUows them to 

survive and synthesize significant quantities of dopamine produce dopamine, and implanted into flnimal models of 

which can interact with dopamine receptors in nd^twring Parkinson's Disease (Gage et aL, U.S. Pat No. 5,082,670). 

areas of the CNS. While the use of genetically modified fibroblasts to treat 

In U.S. Pat. No, 4,980,174, transplantation of CNS disorders has shown promise in improving some 

monoamine-containing cells isolated from adult rat pineal 45 behavioral deficits in animal models of Parkinson's Disease, 

gland and adrenal medulla into rat frontal cortex led to the and represents a novel ^jproadi to supplying a needed 

alleviation of learned he^lessness, a fonn of depression in transmitter to the CNS, it suffers from several significant 

the host In U.S. Pat No. 4,753,635, chromaffin cells and drawbacks as a treatment for Parkinson's Disease and in 

adrenal medullary tissue derived from steers were implanted ■ general as a therapeutic approach for treating neurodegen- 

into the brain stem or spinal cord of rats and produced 50 erative diseases and brain injury. First, the CNS is primarily 

analgesia when the implanted tissue «* cell was induced to conqx)scd <rf three cdl types — neurons, astrocytes and cii- 

rdease nodceptor intCTacting substances (i.e. catechola- godendrocytes. The implantation of a fordgn cell such as a 

mines such as dopamine). Adrenal medullary cells have fibroblast into the CNS and its direct and indirect effects on 

been autoiogously grafted into humans, and have survived, the functioning of the host cells has yet to be studied, 

leading to mild to moderate inqjrovement in synq)tonis 55 Howevcr,itislikiely that die e:qjression of membrane bound 

(Watts, et aL, "Adrenal-caudate tran^lantation in patients factors and the release of sohible molecules such as growth 

with Parkinson's Disease (PD): 1-year foUow-up," Neurol- factors and proteases will alter the nonnal behavior of the 

ogy 39 Suppl 1: 127 [1989], Hurtig, et aL, "Postmortem surrounding tissue. This may result in the disruption of 

analysis of adrenal-meduUa-to-caudate autograft in a patient neuronal firing patterns either by a direct action on neurons 

with Parkinson's Disease," Annals of Neurology 25: go or by an alteration in the normal functioning of glial cells, 

607-614 [1989]). However, adrenal cells do not obtain a Another concern that arises when fibroblasts are 

normal neural phenotype, and are therefore probably of implanted into the CNS is the possibiUty that the iiiq>lanted 

limited use f(H* transplants where synaptic connections must cells may lead to tumor formation because the intrinsic 

be formed inhibitionof fibroblast division is pooriy controlled. Instead, 

Anodier source of tissue for neurotiansplantation is from 65 extrinsic signals play a riiajor role in controlling the number 

cell lines. CeU lines arc immortalized cells which are derived of divisions the cell wiU undei^o. The effect of the CNS 

dther by transformation of nonnal cells with an oncogene environment on the division of inq)lanted fibroblasts and the 
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high probability of a fibroblastic tumor formatioii has not Oligodendrocytes suffer from some of the same problems, 
been studied in the iong-tenrt In addition, mature oligodendrocytes do not divide, limiting 

A third concern in transplanting fibroblasts into the CNS the infection of oligodendrocytes to their progenitor cells 
is that fibroblasts are unable to integrate wi£h the CNS cells (e.g. 02A cells). However, due to the limited proliferative 
as astrocytes, oligodendrocytes, or neurons do. Fibroblasts 5 ability of oligodendroc^ progenitors, the infection and 
are intrinsically limited in ieir ability to extend neuronal- harvesting of these cells does not represent a practical 
like processes and form synapses with host tissue. Hence, source, 
idthough the genetic modificati^^^ and implantation of fihrCH ^^^^ 
blasts mto the CNS ngrescnte an im^vement over the . ^ 

cuaent technology for flie delivery of oertam molecules to "^^"^ wvui« -u^ xu«i* wiwi oi/uxi/ w 

rQlS.theina&r of fihtobla^tointegrate andfanedon " ^^P^ P««f^> "^f^ff ^ regutoed by the 
^ r*m ri-..,. ^Z*.. riiio ^tu environment However, differentuted neurons do not divide 

as CNS hssue, ttenjxjtential negadve effects on CNS cdls, hanrfecdon with foreign genes by chemical and physi- 

and their limitedutruisic control of Molifoatoon limits fluar , uoumci-ixwu wiui iu>i^u bmib. u ^i*..-. ouu 
practicalnsageforimplantationfarthet.eatmentofaait»;or calmeans^ not rfScient^nw are they ste^^ 
dhronic CNS inimvOT disease. „ ^n&^on «f primary neoropal prcairsois wUh 

. , . J X jii! ^ J - I » " retroviral vectors in vitro is not practical eittier because 

- Aprefeaed^efOTgeneticmod.fl«lionandnnpb^ neuroblasts are intrinsically oontroUed to undago a limited 
toonwoddbea«ceIls-Hieinons,aste^ nmnbcr of divisions making the selection of a lige number 

drocytM^ One source of CNS cells is fiom hmnan fetal ^ ^ ^ incorporate and express the fot^n gene, 
^'^■S^^^'^^'y^^ownu^yc^nb;mp^X^^ nearly impossible. The possibility of immortdMog the 
wjtf. Parkinson s Disease after receiving unpKmts of fetal ^ ^^uro J^ecursors by reUiral trWfcr of oncogemS and 
CNS tissue Implants of anbryomc meseno^ha^^^^^ their subs^entinfe<ion of a desired gene is not preferred 
oontaimng dopamine cells mto Oe «ndate and putamen rf ^ theloteatial tot tumor fotmati^ by the iS^anted 

human patients was shown by Freed et al. {NEngl J Med „ ^ ' *^ 

327:1549-1555 (1992)) to offer long-tentn clinical benefit to , ' . , . ^ ^ . 

some patients witfi advanced Parkinson's Disease. Similar „ ^ addition to the need for a Well-defined, reproducible 
success was shown by Spencer et aL {N Engl J Med ^o^rce of neural cdls available in unhmited am^ts for 
327:1541-1548 (1992)). Widner et aL {N Bigl J Med transplantation purposes, a similar need exists for drug 
327:1556-1563 (1992)) have shown long-term functional screening purposes and for the study of CNS function, 
improvements in patients with MFIP-indnced Parkinsonism dysfunction, and development The mature hmnan nervous 
that rccttved bilateral inrolantation of fetal mcsenccphaUc 30 system is composed of billions of cells that are gcottalcd 
jjggyg during development from a small number of precurson 

While the studies noted above are encouragmg, the use of ^"^^^ ^ ^""r^ ^^0"*?*^*^^ 

large quantities of aborted fetal tissue for the treatment of mammalian CNS, the study of CNS developmental 

di^e raises ethical considerations and poMcal obstacles. Pathways^^ weU as altoations that occur rn^uU n^ 

There are other considerations as wdL Rtal CNS tissue is 35 ^^m^l^""^' fS"? 

con5>osed of more than one cell type, and thus is not a %^ wouWbe better studied u^gr^^ 

wdl^defined somce of tissue. In addition, there are serious ^NS under defined conditions, 

doubts as to whether an adequate and constant supply of Generally, two approaches have been taken for studying 

fetal tissue would be available for transplantation. For cultured CNS ceUs: the use of primary neural cultures; and 

cxaii:5)lc, in tiic treatment of MFTP-induced Parkinsonism 40 ^® ^^se of neural cell lines, ftimary mammaHan n«iral 

(Widncr supra) tissue from 6 to 8 fetuses were used for cultures can be generated firom neariy all brain regions 

ino$>lantation into the brain of a smgle patient. There is also providing that the starting material is obtained fromfetal or 

fee added problem of the potential for contamination during early post-natal animals. 3h general, three types of cultures 

fetal tissue preparation. Moreover, tfie tissue may already be can be produced, enriched either in neurons, astrocytes, or 

infected with a bacteria or virus, thus requiring expensive 45 oligodendrocytes. Primary CNS cultures have proven vdu- 

diagnostic testing for each fetus used. However, even diag- able fo£ discovering many mechanis m s of neural fimction 

nostic testing mig^t not uncover all infected tissue. For and are used for smdying the effects of exogenous agents on 

example, tfie diagnosis of HIV-free tissue is not guaranteed developing and mature cells. Whfle primary Q^S cultures 

because antibodies to the virus arc generally not present t^ave many advantages, they suffer fix)m two primary draw- 

until several weeks after infection. 50 limited foolifaative ahiUty of 

While cuncntty available transplantation approaches rep- primary neural cells, new cultures must t>c generated firom 

resent a significant in^irovcment over otficr available treat- ^cvoal different animals. While great care is usually taken 

mentsfarneurologicaldisordcrs,theysufferfromsignificant obtain tissue at identical states of development and firom 

drawbacks. The inabflity in the prior art of the transplant to identical hram regions, it is virtuaUy impossible to generate 

fijUy integrate into the host tissue, and the lack of availahU- 55 Pri™ary cultures tiiat are identical Hence, ttiere exists a 

ity of cells in unlimited amounts ftom a reHablc source for significant degree of variability from culture to culture, 

grafting are, perhaps, the greatest limitations of neurotrans- A second disadvantage of primary cultures is that the 

plantation. tissue must be obtained firom fetuses early post-natal 

It would be more preferable to have a well-defined, animals. Ifprimary cultures are to be perfumed on a regular 

rcfffoducible source of neural tissue f<H- transplantation tiiat 60 l>asis, tiiis requires the availability of a large source of 

is available in unlimited amounts. Since adult neural tissue starting material. While this is generally not a problem for 

undergoes minimal division, it does not readily meet these generating primary cultures from some species (e.g. 

criteria. While astrocytes retain the ability to divide and are rodents), it is for odiers (e.g. pamates). Due to the limited 

probably amenable to infection with foreign genes, their supply and etiiical concOTis, the culturing of primary cells 

ability to fonn synapses with neuronal cells is limited and 65 firom primates (botii human and non-human) is not practical, 

oonseqaentiy so is their extrinsic regulation of the expres- Due to the limited proliferative ability of primary neural 

sion and release of the foreign gene product cells, the generation of a large number of homogenous cells 
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for studies of neural fuactioa, dysfunctioo, and drug design/ responsiveness to their environmeot A custom-designed cell 

screening has previously not been achieved. Therefore, lineistheresultof theimmortaHzationof asinglcprogenitc^ 

homogenous populations of cells that can generate a laige cell and its donal expansioa While a large supply of one 

number of progeny for tiie in vitro investigation of CNS neural cell type can be generated, this appro&db docs not 

function has been studied by tiie use of cell lines. The 5 take into account cellular interactions between different cell 

generation of neural cell lines can be divided into two types. In addition, while it is possible to immortalize cdls 

categories: 1) spontaneously occuning tumors, and 2) ftom a given brain r^on, immortalization of a desired cell 

custom-designed cellHncs. is not possible due to the lack of control over whidi cells wiU 

Of tiie spontaneously occurring tumors, probably the most be altered by the oncogene. Hence, while custom designed 

studied cell line for neurobiology is the rat pheochromocy- 10 cell lines offer a few advantages over spontaneously occur- 

toma (PC12) cells that can differentiate into sympa&e^o- jjug tumjors, they suffer from several drawbacks and arc less 

like neurons in response to NGP. These cells have proven to than ideal for understanding CNS function and dysfunctioiL 

be a usefd model far studying mechanisms of neural Therefore, in view, of the aforementioned deficiencies 

develc^)mcnt and alterations (molecular and cellular) in attendant with prior art methods of neural cett culturing. 

req)onse to growth factors. Neuroblastoma and glioma ceU 15 transplantation, and CNS models, a need exists in the art for 

lines have been used to study neuronal and glial functioning ^ reliable source of unlimited numbers of undifferentiated 

[liles, ct aL, /. Neuroscl 7, 2556-2563 (1987); Nistcr et aL ncurotransplantation and drug screening 

Cancer Res, 48(14) 3910 (1988)]. Embryonal carcinoma ^ c^lc of differentiating into neurons, astrocytes, 

cells arc derived from teratoma tumors of fetal gam cdls oligodendrocytes. Preferably cellular division in such 

and have the ability to differentiate into a large number cf 20 cells from such a source would be epigcnctically related 

non-neural cell types with some lines (e.g. P19 ceUs) [Jones- ^ suitable number of cells could be eflSciently prepared 

ViUcncuve et al. J, CeUBtoL 94, 253-262 (1982)] having the sufficient numbers fcff transplantation. The cdls should be 

ability to differentiate into neural cells ((McBumey et aL /. suitable in autografts, xenografts, and aUografts without a 

NeuwscL 8(3) 1063-73 (1993)]. Ahuman teratocardnoma- concern for tumor formation. Thcxc exists a need for Ae 

derived cell line, NTera 2/cLDl, with a phenotype rcsem- 25 isolation, perpetuation and transplantation of autologous 

bling CNS neuronal precurscff cdls, can be induced to neural cells from the juvenile or adult brain that are capable 

differentiate in the presence of retinoic add. However, the differentiating into neurons and glia. 

d^erentiated cells are restricted to ^ ^eu^nal phen^ ^ ^ 

Pleasimj and Lee / iCe^ 35: 585^2 (1993)]. ating into neurons, astrocytes and oligodendrocytes that are 

^w^^''^'^.^'^'^^'?^''''" 30 cap^ieofproliferationinvitroandZsamenabletogenetic 

number of cdls for screening the effects of exogenous agents ^ iTv! -♦jiL ^» 

. » Hr^ 1* J f_ <rS. modincation techmqaes. 

on cell survival or function, the limited number of these .,..„,. , ^ ^ .... 

types of lines, the limited number of phenotypes that they Ad<ktonally, there (^te a need for the rej^ 

archie to generate and the unknown nature of thdr immor- ^ tissue m a ndatiydy non-myasive f^^on, feat is by 

talization (whidi may effect the function of the cdls in an 35 """^^ ^'"^"^ "^"^ differentiae nUo 

undefined manner) makes these types of cell lines less than i^ew a^trocyte^, and ohgotoidrocytes m vivo, therd,y 

ideal for in vitro modds of neural functioi and discovery of ^« transplantauon. 

novd fhcr^>eutics Accordingly, a major object of (he present invention is to 

An alternative approadi to spontaneously occurring oeU Provide a rdiable source of an unlimited numbff of neiD^ 

lines is the intentional immortalization of a jranary cdl by 40 ncurotransplantation that arc c^bte of diffcrenti. 

introdudng an oncogene that alters the genetic make-up of neurons, astrocytes, and obgodendrocytes. 

the cdl fhffcby inducing the cell to proliferate indefinitely. ft is anodier object of the present invention to provide a 

This approach has been used by many groups to gen«atc a method for the in vitro proliferation of neural stem cdls 

number of interesting neural cdl lines [(Bartlett et aL Prvc, from emteyonic, juvenile and adult brain tissue, to produce 

Nat. Acad Set 85(9) 325S-3259 (1988); Fredcriksen et aL 45 unlimited numbers of jaecursor cells available for transplan- 

Neujvn 1, 439-448 (1988); TYotter et 2I. Oncogene 4: tation that are capable of differentiating into neurons, 

457-464 (1989); Ryder ct al. J. NeurvbioL 21: 356-375 astrocytes, and oligodendrocytes. A further object of the 

(1980); Murphy ct aL J. Neurvbiol 22: 522-535 (1991); invcatioQ is to provide methods for inducing neural cdls to 

Almazan and McKay et al. Bmin Res. 579: 234-245 (1992) proliferate and differentiate in vivo, thereby avating tiie 

]. While ttiese lines may prove useful for studying the 50 need for ncurotransplantation. 

decisions that occur during cell determination and A still further object of the invention is to provide a 

differentiation, and for testing the effects of exogenous method of generating large numbers of normal neural cdls 

agents, they suffer from several drawbacks. First, the addi- for the purpose of screening putative therapeutic agents 

tion of an oncogene that alters the proliferative status of a targeted at the nervous system and for models of CNS 

cell may affect aher properties of ^c cdl (oncogenes may 55 development, function, and dysfunction. 

^ '^:A'^^^rZylf^'^^l SUMMARYOFTlffi mvErmoK 

supra, and their immortalization of an oligodendrocyte pre- This invention provides in one aspect a con^sition for 
cursor from the optic nerve which is unable to differentiate inducing the proHferation of a multipotcnt neural stem cell 
into type IX astrocytes (something that normal optic nerve 60 conqxrising a culture medium supplemented with at least one 
oUgodendrocyte pr6curs<7S can do). The authors suggest the growth factor, preferably epidermal growth factor or trans- 
presence of tihe immortalizing antigen may alter the cells forming growth factor alpha. 

ability to differentiate into astrocytes. The invention also provides a method for the in vitro 

Another drawback to using intentionally immortalized proliferatioa and differentiation, of neural stem cells and 

cells results from the fact that the novous system is com- 65 stem cell progeny comiirising the steps of (a) isolating die 

posed of billions of cells and possibly thousands of different ceU from a mammal, (b) exposing the cdl to a culture 

cell types, each with unique patterns of gene expression and medium containing a growth factor, (c) inducing the cell to 
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proliferate, and (d) indudng the cell to differentiate. Prolif- FIG. 3A-D: Differentiation Of Cells From Single EGF- 

eration and popetiiation of tti& neural stem cell progeny can Generated Spheres Into Neurons, Astrocytes, And Oligoden- 

be carried out cither in suspension cultures, or by allowing drocytes 

cells to adhere to a fixed substrate. I^liferation and differ- Triple-label inrawnocytochcmistry with antibodies to 

entiation can be done before or after transplantation, and in 3 microtubdle associated protein (MAP-2), glial fibrillary 

various conabinations of in vitro or in vivo conditions, addic protein (GFAP), and 04 (a cell surface antigen) are 

including (1) proliferation and differentiation in vitro, then used to detect the pres^ce of neurons (FIG. 3B), astrocytes 

transplantation. (2) proliferation in vitro, transplantation, (FIG. 3C) and oligodendrocytes (FIG. 3D), respectively, 

&en further proliferation and differentiation in vivo, and (3) from an EGF-generated, stem cell-derived neurosphere 

proliferation in vitro, transplantation and differwitiation in lO (piG. 3A) derived from primary culture. (Bar: 50 pm). 
vivo. 

The invention also provides for the proliferation and DETAILED DESCRIFnON OF THE 

differentiation of the progenitor cells in vivo, which can be INVENTION 

donedirecdyinthehostwithouttheneedfortransplantation. ^^^^ ^^^^^^^ ^^^^ 

The invention also provides a method for the in vivo multqrotcnt neural stem cells from fetaL juvenile, or adult 

transplantation of n«iral stem cell progeny, treated as in any t nainTnaiiftn tissue to proliferate in vitro cr in vivo (Le. in 

of ( 1) through (3) above, which conqjrises implanting, into to generate large numbers of neural stem cell progeny 

a mammal, these cells whidi have been treated with at least capable of differentiating into neurons, astrocytes, and oU- 

onc growth factm. ^ godendrocytes. Methods for differentiation of the neural 

Ftirtheimore, the invention provides a method for treating stem cell progeny are also provided. The induction of 

neurodegenerative diseases coioprising administoing to a proliferation and differentiation of neural stem cells can be 

mammal neural stem cell progeny which have been treated done either by culturing the cells in suspension or on a 

as in any of (1) throu^ (3), and induced to differentiate into substrate onto which they can adhere. Alternatively, prolif- 

neurons and/or glia. ^ eradon and differentiation of neural stem cells can be 

The invention also provides a metiiod for treating neuro- induced, under qjpropnate conditions, in the host in the 

degenerative disease con^sising stimulating in vivo mam- following combinations: (1) proliferation and differentiation 

malian CNS neural stem cells to proliferate and the neural, in vitro, then transp l an t a t io n . (2) proliferation in vitro, 

stem cell progeny to differentiate into neurons and/or glia. transplantation, then further proliferation and differentiation 

The invention also provides a method for the transfection of 30 vwo, (3) proliferation in vitro, transplantation and differ- 

neural stem cells and stem cell progeny witii vectors which entiation in vivo, and (4) prolifration and differentiati(Mi in 

can express the gene products for growth factors, growth vivo. Proliferation and differentiation In vivo (Le, in situ) 

factor receptors, and peptide neurotransmitters, or express can involve a non-surgical q^oach that coaxes neural stem 

enzymes which are involved in the synthesis of ceUs to proliferate in vivo with pharmaceutical manipula- 

neurotranstnitters, including those for amino acids, biogenic 35 tion. Thus, the invention provides a means foe generating 

amines and neun^y^tides, and for the transplantation of large numbers of undifferentiated and differentiated neural 

these tiransfected ceils into regions of neurodegeneration. cells for neurotransplantation into a host in order to treat 

In a stiU further aspect, the invention provides a metiiod neurodegenerative disease and neurological trauma, foi non- 

f or the screening of potential neurologically thcr^eutic surgical methods of treating neurodegenerative disease and 

pharmaceuticals using neural stem cell pr<^ny which have AO neurological trauma, and far drag-screening appUcations, 

been proliferated in vitro. 1*.- ^ * vt in* ^ « 

Muhipotent Neural Stem Cells 

BRIEF DESCRIFnON OF THE FIGURES Neurobiologists have used various terms interchangeably 

FIG. lA^: Diagram Illustrating tiie Proliferation of a totooibetheun^erentiated a^ 

Multipotent Neural Stem CeU ^ celT *;pr^or ^ and ^progenitor ceT are 

^ ^ ..^ - . . . ^ commonly used m the scientific hterauire. However, there 

(A) In the presence of a ^^eration-inducmg growth ^ different ftrpes of undifferentiated neural cells, with 

fart^ tiie stem ceU divides and gives rise to a sphere of characteristics and fates. VS. Ser. No. 0SA170,412 

undifferentiated cells composed of more steia cdls and ^ 3 continuation aK>Ucation of U.S. S^ No. 07/726, 

progenitor cells. (B) When the donally derived sphere of ^ t^e cells obtained and proliferated using the 

midiffercntiated cells is dissoaatcd and plated as smgle Examples 1-4 below >ogcnitor cells". The 

cells, on a non-adhesivc substrate and m tiie presence of a terminology used for undifferentiated neural cells has 

prolifcration-indudng growth factor each stem cell wfll ^^^^^^ j^esc cells are now termed "neural stem 

genaate a new sphere (C) If the spheres are cultured m ^j^n ^.s. Set No. 08/270,412 defines the 'trogemtor^ cell 

conditions tiiat allow differentiation, die progemtor cells 55 proliferated in vitro to mean "an oUgopotent or muttipotent 

differentiate into neurons, astrocytes and oligodendrocytes. ^ is able to divide without limit and under 

FIG. 2A-D: Proliferation Of Epidermal Growth Factor specific conditions can produce daughter cells which tenni- 

(EGF) Responsive Cells nally differentiate into neurons and glia." The capability of 

After 2 days in vitro EGF-responsive cdls begin to a cell to divide without limit and {^oduce daughter cells 

proliferate (FIG. 2A). After 4 days in vitro small clusters of 60 which terminally differentiate into neurons and glia are stem 

cells known as neurospheres are apparent (FIG. 2B). The cell characteristics. Accordingly, as used herein, the cells 

neurosphcres of continuously proliferating cells continue to proliferated using the methods described in Examples 1-4 

grow in size (FIG. 2C) untfl they lift off the substrate and are termed ''neural stem ceUs**. A neural stem cell is an 

float in suspension (FIG. 2D). At this stage, the floatmg undifferentiated neural cell that can be Induced to proUferate 

spheres can be easily removed, dissociated into single cells 65 using the methods of the present invention. The neural stem 

and, in the presence of EOF, proliferation can bere-initiatedl cell is enable of self-maintenance, meaning that witii each 

(Bar 50 pm). cell division, one daughter cell will also be a stem celL The 
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DOD-stcm cell progeny of a neoial stem cell are teimed stem cell exhibits sdf-maintenance and generates a laige 

progenitor ceils. The progenitor cells generated from a number of progeny which include neurons, astrocytes and 

single inultq>otent neural stem cell are capable of diffcren- oligodendrocytes. 

tiating into neurons, astrocytes (type I and type H) and Normally, the adult mflnnTmlifln QfS is mitotically qui- 

oUgodendrocytes. Hence, tiie neural stem ceU is **multipo- 5 escent in vivo with the excq>tion of the subq>endymal 

tenr because its progeny have multiple differentiative path- region lining tiie lateral ventricles in the foiehrain. This 

ways, region contains a subpopulation of constitutively proliferate 

The tenn Neural progenitor cell**, as used herein, refers to ing cells with a cell cyde time of 12.7 hours. BrdU and 

an undifferentiated cell derived from a neural stem cell, and retroviral labeling of the proliferating cells reveal that none 

is not itself a ^em cell Some progenitor cells can produce of die newly generated cells differentiate into mature neu- 

progeny that are capable of diff^ntiating into more than rons or gUa nor do they migrate into other CNS regions 

one cell type. For exaiiq)le, an 0-2A cell is a glial progenitor (Morshead and Van der Kooy, supra). 

ccU that gives rise to oligodendrocytes and type n The continual proUfendion and maintenance of a constant 

astrocytes, and thus could be tenoed a "hi^)oteiitiaI'* pro- number of cells within the subependyma is explained by two 

genitor ceU. A distinguishing feature of a progenitor cell is ^5 mechanisms. The death of one of the dau^ter cells after 

that, unlike a stem cell, it has limited proliferative ability and each division maintains the proliferating population at a 

ttius does not exhibit self-maintenance. It is committed to a constant numba. The constitxitively dividing population 

particular path of differentiation and wiU, under appropriate eventually dies out (and hence is not a stem cefl po^iladon) 

conditions, eventually diffcrentiatB into glia <ar neurons. however, a subjwpulation of relatively quiescent cells within 

The term •'precursor ceMs**, as used herein, refers to die ^ the subq^endyma is able to repopulate the constitutively 

progeny of neural stem cdls, and thus indudes bodi pro- dividing population. This stem cell-lilce mode of maintain- 

genitor cdls and daughter neural stem cells. . ing the proliferative subependymal population is analogous 

Neural stem odl progeny can be used for transplantation to other tissues where cells have a short life span and are 

into a hetardogous, autologous, or xenogeneic host. Multi- ^ repopulated by a suhpopulation of relatively quiescent cells 

potent neural steni cells can be obtained from embryonic, refored to as stem cells. 

post-natal, juvenile or adult neural tissue. The neural tissue As detailed in Example 27, e?q>eriments utilizing retro- 
can be obtained from any animal that has neural tissue such virus infection of constituitively proHfcrating cells in vivo 
as insects, fish, rqjtiles, birds, ainphibians, mammals and the and subsequent P-galactosidase (P-gal) reporter gene 
like. The preferred source neural tissue is from mammals, ^ expression as a non-dihiting marker show that with increas- 
preferably rodents and fwimates, and most preferably, mice ing adult mice survival times (of iq) to 28 days post 
and humans. retrovirus infection) there is a progressive loss of ^gal 
In the case of a heterologous donor animal, the animal positive subq)eadymal cells. Relative to 1 day survival 
may be euthanized, and the neural tissue and specific area of animals, 6 days foUowing retrovirus injection there is a 45% 
interest removed using a sterile procedure. Areas of patticu- 35 ^o^s of ^-gal positive cells and 28 days following retrovirus 
lar intcrwt include any area from which neur^ stem cells infection fliere is a 97% loss. Using nested polymerase chain 
can be obtained ttiat win serve to restore function to a reaction (PC31) to identify single cells containing retroviral 
degenerated area of the host's nervous system, particularly determined that tixe loss of P-gal expressing 
the hosf s CNS. Suitable areas include the cerebral cortex, <=ells is due to the loss of the retrovirally infected cells 
ceiebellunu midbrain, brainstem, spinal cordand ventricular 40 tteough ceU death, not due to the tum-off of p-gal caqjres- 
tissue, and areas of the PNS including flic carotid hody and 

die adr^ial medulla. Preferred areas include regions in the Intraperitoneal injections of BrdU (a thymidine analog 

basal ganglia, p referably the striatum which cons^ts of the that is incoqxjrated into the DNA of dividing cells) reveal 

caudate and putamen, or various cell groins such as the that 33% of the cells within some regions of die sub- 

globus pallidus, the subthalamic nucleus, the nucleus basalis 45 ependyma make up the normally constituitively dividing 

which is found to be degenerated in Alzheimer's Disease population (sec Morshead and van der Kooy, J. Neuroscu 

patients, or the substantia nigra pars compacta which is 12:249 (1992)), The number of BrdU labelled cells 

found to be degenerated in Parkinson's Disease patients. decreases over time. By 30 days after BrdU labeling, only 

Particularly preferred neural tissue is obtained ficom ven- 3% of the dividing cells are still labelled. The heavy labeling 

tdcular tissue that is found lining CNS ventricles and 50 of only a small number of ccUs 30 days after BrdU injections 

includes the subependyma. The term "ventdcle** refers to demonstrates that although the labelled cells were dividing 

any cavity or passageway within the CNS througji which at the time of die injections fliey were relatively quiescent 

cerebral spinal fluid flows. Thus, the term not only encom- for the 30 day period. This suggests tiiat diese few labeled 

passes the lateral, third, and fourth ventricles, but also cells are stem cells rather than cells of the constitutively 

encompasses the central canal, cerebral aqueduct, and other 55 proliferating population. 

CNS cavities. The above two examples support die hypothesis that die 

Human heterologous neural stem cells may be derived maintenance of the constant numiber of proliferating sub- 

from fetal tissue following elective abortion, or from a ependymal cells seen throughout adult life requires die 

post-natal, juvenile or adult organ donor. Autologous neural presence of a relatively quiescent stem cell that proliferates 

tissue can be obtained by biopsy, or from patients undergo- 60 sporadically to replenish the constitutively proliferating 

ing neurosurgery in which neural tissue is removed, for population and to self-renew. 

example, during epilepsy surgery, tempc^al lobectomies and As detailed in Exan^le 24, the constitutively dividing 
hippocanq>alectomies. Neural stem cells have been isolated subependymal cells can be killed off by injecting high doses 

from a variety of adult CNS ventricular r^ons, including of radioactive thymidine fcH* the duration of the cell cycle at 

the frontal lobe, conus medullaiis, dioiadc spinal cord, brain 65 intervals less than S-phase duration. At one day post-kiH the 
stem, and hypothalamus, and proliferated in vitro using the proliferating population is 10% of controls and by 8 days the 
methods detailed herein. In each of these cases, the neural proliferating population is back to control levels. If the 
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xepleiushed popuhtion is due to the reoiiitment of nonnaU^ dissociated using any method imown in the art inclading 

quiescent stem cells into the proliferative mode, then a treatment with enzymes such as trypsin, coUagenase and Ae 

second kill at the time that stem cells are generating progeny like, or by using physical methods of dissociation sudi as 

to repopulatc the subependyma should alter tiic number of with a bhmt instrument Dissociation of fetal cells can be 

cells within the constitutively proliferating population. 5 carried out in tissue culture medium, while a preferable 

Whenasecondkillisdone2daysaftatheimtialkiU.8 days f^sodation of juvcnae and a^^^ oeUs is low 

later the constitutively proliferating population is only ^S% Ca^ .^^ifici^ f^V^^ 

^ ^ , , / . , . , ^ ... contains 124 mM NaCL 5 mM KQ. 13 mM MsCU, 2 mM 

of the control values (ammals r«:eivmg no Aynodme 1^ ^^jejulHlaH^^ 10 mM D-glucose iSw Ca^ 

ttcatment)or^^ S'coLns the sam? ingredients e^cjt for MgO, at a 
tmie of the first fan). Th^ lednction m fhc number^ lO eonpentrationof SJimMandCaQ, ataSncentiati^O.l 

proMerative cells in the subependjom is mamtamed at 63 % ^ Dissociated cells are centrifuged at low speed, between 

even at 3 1 days after the second fall. When a second kOl is 200 and 2000 ipm, usually between 400 and 800 ipm, and 

done on day 4, the pr<^crating population returns to 85% resuspcnded in culture medium. The neural cells can be 

of control values 8 days later. These results suggest that the a,itured in suspension or on a fixed substrate. However, 

nonoally quiescent stem cell is recruited into the prolifcra- 13 substrates tend to induce differentiation of the neural stem 

tive mode within the first two days after the initial kill and cell progeny. Thus, suspension cultures are preferred if large 

that by 4 days the stem cell no long^ needs to be recruited numbers of undifferentiated neural stem cell progeny are 

to repopulate the subq>endyma. desired. Cell suspensions are seeded in any receptacle 

As detailed in Exan^le 26 below, an experiment was capable of sustaining cells, particularly culture flasks, cul- 
performed to dttorainc whcdier the in vitro stem cdl is 20 ture plates or roller bottles, and more particularly in small 

derived 6om the constitutively proliferating population or culture flasks suchas 25 cm^ culture flasks. Cells culturwlin 

from the quiescent population. Aniinals were treated in one ^ re^spended^ appr^mately 5x10 to 

/^f thi. fniio«/Jno «/nv^ 2x10^ cellfi/ml, prefcTably 1x10* ceils^aL Cells plated on a 

fixed substrate are plated at approximately 2^3x10? cells/ 

Group 1. Control ^ preferably 2.5x10^ ceUs/cm^ 

ffigh dose of radioactive thymidine were given on: dissociated neural cells can be placed into any known 

Groq> 2. day 0 culture medium capable of supporting cell growth, including 

Qtoxxp 3. day 0 and day 2 HEM, DMEM, RPMI, F-12, and &e like, containing siqjple- 

Group 4. day 0 and day 4 ments which are required for cellular metabolism such as 

16 to 20 following the last injection animals were killed glutamine and other amino acids, vitamins, minerals and 

and stem cells isolated from the striatum (including flie useful proteins such as transferrin and flic like. Medium may 

subependymal region) via the methods described in also contain antibiotics to prevent contamination with yeast, 

ExaiE^lc 2 below. bacteria and fungi such as pedciUin, str^omycin. gentami- 

In groins 2-4 the constitutively proliferating population dn and the like. In some cases, the medium may contain 

was killed. In gtoup 3 stem cells diat are recruited into the serum derived &om bovine, equine, chicken and the like, 

cell cyde to repopulate the subqiendymal proliferating ceUs However, a prcfen:cd embodiment for proliferation of neural 

were also killed. stem cells is to use adefined, s«um-free culture medium, as 

wr,^u^ ^ \T^,^.^^»^ ;« ,«*f«,. serum tends to induce differentiation and contains unknown 

Nmnbcr of N^spher« pwduced m vitro. components (Le. is undefined). A defined culture medium is 

7 1 nn^ ^ ^ also preferred if the cells are to be used fOT transplantation 

Uroi^ 2. ^00% 4Q pmposes. A partioilariy preferable culture medium is a 

Zla defined culmrc medium comprising a noixture of DMEM, 

Groiq> 4. 85% pj^^ a defined hcmnone and salt mixture. This culture 

These results demonstrate that when you eHnrinate nearly medium is referred to herein as Complete Medium" and is 

all of die constitutively proliferating cells in the sub- described in detail in Example 3. 

ependyma this does not affect die number of stem cells that Conditions for culturing should be dose to physiological 

can be isolated and proliferated in vitro (group 1 vs. group conditions. TTie pH of tiie culture medium should be close to 

2 and 4), However, when the noraially quiescent cells are physiological pH, preferably between pH 6-8, more prcfcr- 

kOled when they are recruited to repopulate the sub- ^bly between about pH 7 to 7.8, with pH 7.4 being most 

q>cndyma (as with group 3) the number of stem ceUs that prefaicd. Physiological tcm^^eratures range b^een about 

can be isolated in vitro is significantly reduced (group 3 vs. ^ 30<» C. to 40° C Cells are preferably cultured at twnperatures 

group 1 and 2). By 4 days after the first fcQl most of the stem between about 32*> C to about 38*» C, and more preferably 

cells diemselves arc no longer turning over and as a result between about 35** C to about 37* C. 

are not kiUcd by the second series of tritiated thymidine ^ medium is supplemented with at least one 

injections (hence, only a 15% reduction [group 4] con^jared proliferation-inducing growth factor. As used herein, the 

to 55% reduction [group 3]). 55 term "growth factor" refers to a protein, peptide or odier 

The above results demonstrate that, in adult, the stem cdls molecule having a growth, jwolif erative, differcntiative, or 

which areprolifcratedin vitioarederivedfiramthequiescent ^^^^ ^q^^ ^^^^ ^^^j. ^^^^^ 

population of subependymal cells in vivo. This also «q)lains progeny. Growth factors whidi may be used for inducing 

why stem cells can be derived from CNS ventricular regions. proliferation indude any trophic factw diat allows neural 

other than the forehrain, which do not have a subpopulation ^ stem ceUs and precursor ccUs to proliferate, including any 

of constitutively proliferating ceUs. molecule which binds to a receptor on the surface of the cell 

T 1-r r vt i c* fi cxdt a trcK)hic, or growth-inducing effect on the cdL 

la Vitro Prohferation of Neural Stem Cells ^^^^^ proliferation-inducing gro^ factors include 

CeUs can be obtained from donor tissue by dissociation of EOF, amphiregulin, acidic fibroblast growth factor (aFGF or 
individual cells from the connecting extracellular matrix of 65 FGF-1), basic fibroblast growth factor (bFGF <h: FGF-2), 
the tissue. Tissue from a particular neural region is removed transforming growth factor alpha (TGFa), and combinations 
from the brain using a sterile procedure, and die cells are thereof. 
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Evened prQliferation-4nducing growth factors include posed of undifferentiated cells. This procedure can be 

EOT and TCSFcL A prefored combinatioa of proliferation- repeated weekly to result in a logaiitfaimc increase in the 

inducing growth factors is EOT or TOTC with FOT-1 or number of viable cells at each passage. The procedure is 

FGF-2, cSowth factors are usually added to the culture continued until the desired number of precursor cells is 

medium at coaceatrations ranging between about 1 fg^ to 5 obtained. 

1 mgtoL Oincentalions teh^cen about 1 to 100 aie ^ „^ of neural stem cdl progeny proliferated in 

osuaUysuffiaent a^ vilio from the manmuOian CNS can be incrwsed dtamati- 

peifonned to deteitmne the optimal conceatration of a u • • _^ vrrv u.v.,<a;>w» uiaiiia«- 

Pfflticular growth factor: cally by injectrng a grow* fartor or combination of grow* 

T jj-^ » IS* - J • rf, factors, for eacamjae EGF, FGF. or BGF and FGF together. 

L. aditaion to prolrfaaUooHndnang growth factors. oAer „j ^ 

growth fado« njay be ad^ to cullnro medium that ^^^^ in more d^ below. As 

5^'l^'^^*"'!?f!^rfS°''^«r^"'^ detailed in Example 31 below, 6 days after infusion «f EGF 
Z SK™ ™tSlSS la^ntride of a Inousfforcbrain, the walls of 

nrS^s^S^oSS^C^Tandftl , *cventri^ we removed «.dOie stem <^ harve,t«L 

vtv^rpa^, uu>iimi use j£f.»Yfui i*uaw auu, uic infosioo of EOT into the lateral ventricle increased fte 

Jr.^. ^ - ^ . ^ , . efficiencyof the yield of stem cdls that wolifcratcd to form 

Witfaui 3-4 days m the presence of a prohfcration- neurosphexes, 

inducing growth factor, a rauldpotcnt neural stem cell begins , ^ -u i-* ^. ^ ^ ^ 

to divi<fc giving rise to a duL of undiffexentiated^ V^u^t^ '^f *>» of neural st«n 

referred to hfflda as a "neurosphere". Hie cetts of a single jo stem c«dls are to be 

neiirosphere are donalin natmi because they are the prig- ^ ^P«»ntatioii back mto a patent, 

«nw «f . «;n»i- n«™i <,«..» ^11 Tn <!.• »^Km.<i.H th»d)y making the initial surgery 1) less traumatic because 

«y of a sini^c neural stem cdL In tte conUnued presence ^ tissuewodd have to be removed and 2) more efSdent 

of a prohferahon-indacmg growth factor sud) as EGF or flie . " »' ~"~'j*""''" »"»'/*^>*«"»^™' 

like, precursor cells wi^T die neurosphere continue to * y^^'^ of stem cells p« surgery would 

divide resulting in an increase in the size of the neurosphere 25 era in vi . 

and the number ofundiffcrcntiatedcdls. The nemospherc is AddiUonally, the patient's stem cells, once they have 

not immunoreactive for OTAP, neurofilament (NF), neuron- proliferated in vitro, could also be geneticaUy modified in 

spcfdfic enolase (NSE) or myelin basic protein (MBP). techniques described below. The in vitro 

However, precursor cells witiiin the neurosphere are immu- 8^°^^^ modification may be more desirable in certain cir- 

norcactivcfcrnestin, an intermediate filament protein found 30 cumstances tiian in vivo genetic modification techniques 

in many types of undifferentiated CNS cells. The nestin ^^^^ control over the infe<^on with the genetic 

marker was characterized by Lchndahl et al.. Cell material is required. 

60:585-595 (1990). Antibodies are available to identify Neural stem cell progeny can be cryopreserved until they 

nestin, including the rat antibody referred to as Rat401. TTie are needed by any method known in the art The cells can be 

mature pbenotypes associated with the differentiated cell 35 suspended in an isotonic solution, preferably a cdl culture 

types that may be derived from the neural stem ceilprogeny medium, containing a particular cryoireservant Such cryo- 

arc predoninantly negative for the nestin phenotype. preservants include dimethyl sulfoxide (DMSO), glycerol 

After about 4 to 5 days in the absence of a substrate, the the like. These oyopreservants are used at a concen- 

proliferating ncurospheres lift off the floor of the culture dish tration of 5-15%, preferably »-10%. Cells are jfrozen gradu- 

and tend to form feefiee-floating dusters characteristic of 40 ally to a ten5)erature of -10«C to -150*»C, preferably -20' 

neurosphcres. Roating neurosphcrcs are depicted in FIG. ^ ^ preferably -70* C to -80* C 

2j/.Itispossible tow the culture condid^^ f^l"^^^ Differentiation of Neural Stem Cell ftogeny 

the precursor ceUs stiU express die nestm i^enotype, they do ^ ^ 

not form the characteristic neurosphcres. The proHferating Differentiation of the ccDs can be induced by any method 

precursor cells of the neurosphere continue to proliferate in 45 known in the art wtiidi activates tiie cascade of biological 

suspension. After about 3-10 days in vitro, and more par- events which lead to growth, which include the liberation of 

ticularly after about 6-7 days in vitro, the proliferating inositol triphosphate and intracellular Ca**", liberation of 

neurosphcres are fed every 2-7 days, preferably every 2-4 diacyl glycerol and the activation of protein kinase C and 

days by gentle centrifugation and resuspcnsion in Complete other cellular kinases, and the Hke. Treatment with phorbol 

Medium containing a growtii factor. so esters, differentiation-inducing growth factors and other 

The neurosphcres of the suspension culture can be easily chemical signals can induce differentiation. Differentiation 

passaged to reinitiate proliferation. After 6-7 days in vitro, ^^o be induced by plating the cells on a fixed substrate 

the culture flasks are shaken well and the neurosphcres such as flasks, plates, or coverslips coated with an jonically 

allowed to settle on the bottom comer of the flask. The charged surface such as poly-L-lysine and poly-L-omithine 

neurosphcres are then transferred to a 50 ml centrifuge tube 55 *® 

and centrifuged at low speed. The medium is aspirated, and Other substrates may be used to induce differentiation 

the ncurospheres are resuspended in a small amount of such as coUageu, fibronectin, landnin, MATRIGEL'^ 

Complete Medium. Individual cells in the neurosphcres can (Collaborative Rescardi), and the like. Differentiation can 

be sq)arated by physical dissociation of the ncurospheres also be induced by leaving die cells in suspension in the 

with a blunt instrument, for exan^le, by triturating the 60 presence of a proliferation-inducing growth factor, without 

ncurospheres with a p^tte, especially a fire poUshed pas- reinitiation of proliferation (ic. without dissociating the 

tcur pipette, to form a single cell suspension of neural stem ncurosjAeres). 

cell progeny. The cells arc then counted and replated at the A preferred method for inducing diffo'cntiation of die 

desired density to reinitiate proliferation. Single cells firom neural stem cell progeny comprises cultunng the cells on a 

the dissociated ncurospheres are suspended in Complete 6S fixed substrate in a culture medium diat is &ee of die 

Medium containing growth factor, and a percentage of these proliferation-inducing growth factor. After removal of the 

cells proliferate and form new ncurospheres largely com- . prdliferation-inducing growth factor, the cells adhere to the 
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substrate (e.g. poly-<^ithlne-treated plastic or glass), NP. NeuM, and the neuron specific protein, tau-1. Because 
flatten, and begin to differentiate into neurons and glial cells. these inadKrs aie hi^y reliable, they will continue to be 
At this stage the culture medium may contain serum such as useful for the primary identification of neurons, however 
0.5-1.0% fetal bovine serum (FBS). Howevo, for certain neurons can also be identified based on their specific neu- 
uses. if defined conditions are required, serum would not be 5 rotransmitter {Genotype as previously described, 
used. Witiiin 2-3 days, most or all of (te neural stan cell j ^s^^cytes, which are dilferentiated glial cells diat 

pogeny begin to lose™noreactiv«5r for n^K^ ^^^^ ^ p«toplasmic*h«)blast-lite inorphblogy, arc 

""J^ZT^^ - ? Sr^.,nSi,.^i^ preferably idS by fteir immunoreactiviJy for GFAP 
feSl^ii mmiunocytochcmurtry ^ astrocytes, which are <Bflf«entiated 

techniques well kncywD la the ait m i- t n 1 j> i J ti * • 

^, , ^ ^" glial cells that display a stellate process-beanng 

Inununocytocheimstiy (e.g. (toal-Ubel immunoflu^. morphology, are pref^ably identified using immunocy- 
oeacc and imimmop^axidase tochcmistiy by then: phenotype GFAP(+), A2B5(+) pheno- 

thal detect cell proteins to distinguish the cellular cfaaiac- r- ^r- \ \ ^ ir 

teastics or phcnotypic properties of neurons from astrocytes ^T*., ^ ^ t ^. ^, 

and oUgodendrocytcs. In particular, ceUular markers for ^ Cells that do not express inteanediatc filament 
neurons indude MSB, ^fF, P-tub, MAP-2; and for gUa, GFAP ^^^^^ ^ astrocytes, begm to cxi^ess markers 

(an identifier of astrocytes), galactoccrebroside (GalQ (a ohgaiemliocytes m a correct temporal fashion, 

myelin glycoHpid identificr of oligodendrocytes), and the That is, the cells first become mimunoreaotive fw 04, 

galactoccrebroside (GalC, a myelin g^yconpid) and finally, 

tomiinocytochcmistry can also be used to detect the 20 JJBP-TJ^^ 
expression of neurotransmitters, or in some cases the expres- cyte morpno ogy. 

fiion of enzymes responsible f<x n«irotransmittcr synthesis- The jresent invention jffovides a method of influencing 
For the identification of neurons, antibodies can be used that relative proportion of these differentiated cell types by 

detect the presence of acetylcholine (ACh), dcpamine, addition of exogenous growth factors during he differ- 

epinephrinc, norepinephrine, histamine, serotonin or 25 cntiation stage of the precursor cells. By using dual-label 
5-hydroxytryptamine (S-HT), neuropeptides such as sub- nununofluorescence and immunopcraxidase m^ods with 
stance P, adrenocoiticotrophic honnone, vasopressin or anti- various neuronal- and glial-spedfic antibodies, tiie effect of 
diuretic hormone, oxytocin, somatostatin, angiotensin H, exogenous growth factors on the differentiating cells can 

neurotensin, and bombesin, hypothalamic releasing hor- be determined, 

mones such as TRH. and luteinizing releasing hormone, 3Q Hie biological effects of growlh and trophic f^rtors are 
gastrointestinal peptides such as vasoactive intestinal pep- generally mediated through binding to cell surface receptors, 
tide (VIP) and diolecystokinin (CCK) and CXlK-likc The recgjtors for a number of these factors have been 
peptide, opioid peptides such as endorphins like identified and antibodies and molecular probes for specific 
p-endori)hin and enkephalins such as met- and leu- reoeptc^rs are available. Neural stem oefis can be analyzed 
enkeph^in, prostaglandins, amino acids such as 'y-amino 35 for die presence of growth factor receptors at all stages of 
butyric add (GABA), glycine, glutamate, cysteine, taurine differentiation. In many cases, the identification of a par- 
and aspartate and dip^tides such as camosine. Antibodies ticular receptor will define the strategy to use in further 
to neurotransmitter-synthesizing enzymes can also be used differentiating tiie cells along specific developmental path- 
such as glutamic add decarboxylase (GAD) whidi is ways with the addition of exogenous growth or trophic 
involved in tiie synthesis of GABA, choline acetyltrans- 40 factors. 

ferase (ChAT) for ACh synthesis, dopa decarboxylase Exogenous growth factors can be added alone or in 
(DDQ for dopamine, dopamine-^hydroxylase (DBH) for various combinations. They can also be added in a temporal 
norepinephrine, and amino acid decarboxylase for 5'HT. sequence (i.e.e3qK)sure to a first growth factor influences the 
Antibodies to enzymes that are involved in the deactivation expression <^ a second growth factor receptor, Neuron 
of neurotransmitters may also be useful sudi as acet^ 45 4:189-201 (1990). Among the growth factors and other 
cholinesterase (ACh£) which deactivates ACh. Antibodies molecules that can be used to influence the differentiation of 
to enzymes involved in the reuptake of neurotransmitters precursor cells in vitro are FGF-1, FGF-2, ciliary ncu- 
into neuronal terminals such as monoamine oxidase and rotrophic factor (CNTT)» NGF, brain-derived neurotrophic 
catechol-o-methyl transferase for dopamine, for S-BTT, and factor (BDNF), neurotrophin 3, neurotrophin 4, interleukins, 
GABA transferase for GABA may also identify neurons. 50 leukemia inhibitory factor (LIF), cyclic adenosine 
Other markers for neurons indude antibodies to neurotrans- monophosphate, forskolin, tetanus toxin, high levels of 
mitter receptors such as the AQiE nicotinic and muscarinic potassium, amphiregulin, TGF-a, TGF-p, insulin-like 
receptors, adrenergic receptors a\ otj, and Oj, the growth factors, dexamethasone (gUiooccHticoid hormone), 
dopamine receptor and the like. Cdls that contain a high isobutyl 3-inethylxanthine, somatostatin, growtti hormone, 
level of melanin, such as those found in the substantia nigra, 55 retinoic add, and PDGF. These and other growth factors and 
could be identified using an antibody to melanin. molecules will find use in the present invention. 

In situ hybridization histochemistry can also be ^ . , . ..^ . , t ^ ^ 

performed, using cDNA RNA probes spedfic for the Genetic Modification of Neural Stem CcU Progeny 

p^tide neurotransmitter or the neurotransmitter synthesis- Although the precursor cells are non-transformed primary 
ing enzyme mRNAs. These techniques can be combined 60 cells, they possess features of a continuous cdl line. In the 
with imimmocytodiemical methods to enhance the identi- undifferentiated state, in the presence of a proliferation- 
fication of spedfic phenotypes. If necessary, the antibodies inducing growth factor such as EGF, the cells continuously 
and molecular probes discussed above can be ^lied to divide and are therefore excellent targets for genetic modi- 
Wcstem and Northern blot procedures respectively to aid in fication. The term "genetic modification** as used herein 
cell identification. 65 refers to the stable or transient alteration of the graotype of 

A {xcfeiTed method for the identification of neurons uses a precursor cell by intentional introduction of exogenous 
immunocytochemistry to detect immunoreactivity for NSE, DNA, DNA may be synthetic, cr naturally derived, and may 
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contain genes, pardons of gcnes» or other useful DNA tiansfectioa using methods known in the art (see Maniatis ct 
sequences. The teem "genetic inodification^ as used herein is al, in Molecular Cloning: A Laboratory Manual Cold 
not meant to include natural^ occumng alterations such as Spring Harbor Laboratory, N.Y. (1982)). Briefly, the chi- 
that which occurs through natural viral activi^, natural meric gene constructs will contain viral, for exan^Ie retro- 
genetic recombination, or the like. 5 viral long temiinal repeat (LTO), simian virus 40 (SV40), 

Ex<>genous DNAmay be introduced to a precursor cell by cytomegalovirus (OTV); or mflmynntian cell-specffic pro- 
viral vectors (retrovirus, modified hetpes viral, herpes-viraL moters such as tyrosine hydroxylase pTH, a marker for 
adenovirus, adoio-associatcd virus, and the like) or direct dopamine cells), DBH. phcaylethanolamine 
DNA transfection (lipof ection, calcium phosphate N-methyltransferase (PNMT), CSiAT, OTAP, NSE, the NF 
transfection, DEAE-dextran, electroporation, and the Hke). |Motcins (NF-L, NF-M, NF-H, and the like) that direct the 
The geneticaUy modified cells of the present invention exfffession of the structural genes encoding the desired 
possess the added advantage of having the capacity to fully protein. In addition, the vectors will indude a drag selection 
differentiate to produce neurons or i^croglial cells in a j^^^ ^ ^ aminoglycoside phosphotrans- 
icproducible fashion using a number of differentiation pro- g^ne, which when coinfected with the experimental 
tQools. j5 ggjjg confers resistance to genetidn (G418), a protein syn- 

la another ranbodiment, the precursor cells are d^ved thesis inhibitor, 

from transgenic anun^, and thus arc in a s«ise already modification is for the production of a 

genetically modifie<L There are sevaal mc&ods presently ^^^^^ active substance, the substance wiU generaUy 

used for generahng transgenic an^ be one that is useful for the treatment of a given CNS 

T /f^'i..^ imiCTomjecaon of DNA mto^gle- ^ ^ it may be desired to geneticaUy 

"^^t "^^ "^'^ Oth«r^tedmiques uidude retrovnal- ^ ^ ^ ^ 

mediated^ or gene tiansfw m emhry ^ usedherein, the term ^growth factor producrnrfers to a 

lhesct<^qu«;andothci^aredetaj^ ^ ^1^^ ^ 

Mampf^Z ^l^Tl ^^^"^P vT^ growth, proliferative, differentiative, or trophic effect 

(Cold Sprmg Harbor Laboratoiy Ed., 1986). Use of these ^ ^ trf^&oLt of CNS 

transgemc animals has ccrtam advantages mdudrng the fact ^^^^ ^ ^ ^^^^ 

tiiat there is no need to transfect healthy neurospheies. ^eurotrophins (OT-3, NT-4/Nr-5), CNTF, amphiregolin, 

Rreoirsor cells derived from transgemc animals will exhibit ^^p^ j^p 

stable gene esqiression. Usmg transgemc ammals, it is intcrieukins. • r » 

possible to breed in new gen^c combinations. The trans- 30 ^ „ . ^ \ , 

genicanimalmayhavcintcgratcdintoitsgenomeanyuseful Ceils can also be modified to oqpress a certain growth 

gene that is expressed by neural ceUs. Examples of useful ^f^S^^^J^iS^ ^'J^^ 

DNA are given below in the discussion of geneticaUy afSnity NGIr, C^^m, the trie family of neurotrophm recqn 

modiftringprccursOTce^^ tors (trk, trifi, tckQ, EGR, F(2t, and an^hiregulin recqp- 

A significant challenge for ceUular transplantation in the 35 ^ en^u^d to produce various nei^^^ 

CNS is the identification of the donor cetlJ after implanta- ^ s*^^^'^' 

tion within the host A mimbcr of strategies hav^ been ^ZT''^ ^""^S^ il^^^ ^^^^^Tl 

employed to marie donor cells, including Vitiated labels, ff^^^' ^idorphm, erfc^)ha^^ N-meAyl 

flu^escent dyes, dextrans, and virT^ectors carrying J^aj^rtate, gjyane,^utamate. 

provide an improved means by which identification of ^eumpept^^ 

£mspl^ted^ cdls can achieved. A transgenic CNS disorders, include substance-P, neuropeptide^, 

marldugsystemprovidesamore stable and efficient mSiod 45 vasopressm, VIP, gluc^on, bomb<^ COC, 

for c^kbeling m this system, promoter elements, for ^o^W calcitomn gene-related peptide, and the like, 

example for CSRAP and MBP, can direct the exjffession of the After successfidly transfected/infected cells are selected 

K coU p-galactosidase rcparter gene in transgenic mice. In tliey can be cloned using limiting dilution in 96 multi-wen 

these systems, ccll-s5>ccific expression of the reporter gene P^^^ and assayed for the presence of the desired biologi- 

occurs in astrocytes (GFAP-lacZ) and in oligodendrocytes 50 substance. Qones that e^jress high levds of the 

(MBP-lacZ) in a developmentally-regulated mann^. The desired substance are grown andfiieir numbers ei5)andedin 

Rosa26 transgemc mice, described in Example 45, is one T-flasks. The specific cell line can then be cyropreservcd. 

example of a transgenic marking system in which all cells Multiple clones of genetically modified precursOT cells will 

ubiquitously c3q>ress p-galactosidase. ^ obtained Some may give rise preferentialJy to neuronal 

Once propagated, the neurosphae cells are mechanically 55 ^'^^ ^""^ to gli^ cells, 

dissociated into a single cell suspension and plated on petri The genetically modified precursor cells can be implanted 

dishes in a medium where they are allowed to attach foJ^ ccU/gene therapy into the CNS of a recipient in need of 

overnight The precursor cells are then genetically modified. *e biologically active molecule produced by the genetically 

If the precursor cells arc generated from transgemc animals, modified cells. Traasplantation techniques arc detailed 

then icy may oc may not be subjected to fiirtiier genetic 60 below. 

modification, depending upon the properties desired of &e Alternatively, ^e genetically modified precursor cells can 

cells. Any useful genetic modification of the cells is within be subjected to various differentiation protocols in vitro 

the scope of the present invention. For exanq^e, precursor prior to iiiq)lantation. For example, genetically modified 

cells may be modified to produce or increase production of precursor cells may be removed from the culture medium 

a biologically active substance such as a neurotransmitter or 65 which allows proliferation and differentiated using any of 

growth factor or the like. The genetic modification is per- the protocols described above. The protocol used will 

formed either by infectiou with recombinant retroviruses or depend upon the type of genetically modified cell desired. 
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Once the cells have differentiated, they are again assayed for to precursor cells for the ablation of majci hi&tocompatibil- 

expression of the desired protein. Cells having the desired ity con^jlcx (MHC) genes. Pcccursor cdls lacking MHC 

phenotypc can be isolated and implanted into recq>ients in expression would allow for the grafting of enriched neural 

need of the protein or biologically active molecule that is cell populations across allogeneic, and perhaps even 
expressed by the genetically modMed cell. 5 xenogeneic, histoooiiq)atibility bazriers without the need to 

immunostq>press the recqrient General reviews and cita- 

TVaosplantation of Neural Stem CeU Progeny tions for the use of recombinant me&ods to reduce antige- 

Alleviate IHsca-ders of the CSS in Animal Models nicity of donor cells are also disclosed by Gruber (supra). 

Caused by Disease or Injury Exemplary ^}{3roaches to the redaction of immunogenidty 

- . 10 of transolants by surface modification arc disclosed by 

ItisweUiecognizedintheartl^^ Faustm^ WO 92/04033 (1992). Alternatively the immnno- 

into the CNS offers the potential for treatment of neurode- oemdXv of the craft may be reduced by prepadnc precursor 

generative disorders and CNS damage due to injury (review: ^ ^ ♦r^!lp.„;/a«;mai th«t hLf^S^^Z HaW^h 

Undvall (1991) Tins vol. 14(8): 371-383). Transplantation ^J^l^^^'^'' ammal that has altered or deleted 

of new cells into the danaagcd CNS has the potential to ^ ~^ ^ ' . ^ . ^. . 

repair damaged circuitries and provide neurotransmitters ^Grafting of j^ecuKor cells prepared from tissue which is 

thereby restoring neurological function. However, the allogeneic to that of &e recipient will most often employ 

absence of suitable cells for transplantation puiposes has tissue typing in an effort to most dosely match the histo- 

prevcnted the full potential of this procedure from being con^atibihty type of the reapienL Donor cefl age as weU as 

met. ••Suitable" cells are cdls that meet flic following age of the recent have been demonstrated to be in5)ortant 
criteria: 1) can be obtained in large numbers; 2) can be ^ factors in inqnroving the probabiUty of neuronal graft sur- 

proUferated in vitro to allow insertion of genetic material, if vivaL The effidency of grafting is re&iccd with increased 

necessary; 3) capable of surviving indefinitdy but stop age of donor cdls. Furthamore, grafts are more readily 

growing after transplantation to the brain; 4) are accepted by younger reapientswmp^ 

nonimmunogenic prefciably obtained from a patient's own These two factors are hMy to be as impwtant for glial graft 
tissue; 5) are able to form normal neural connecdons and ^ survival as tiiey are f ot neuronal graft survivai 

respond to neural physiological signals (Bjotidund (1991) In some instances, it may be possible to prepare neural 

TINS VoL 14(8): 319-322). The progeny of mult^tent stem cell progeny from the redpienfs own nerv<ms system 

neural stem cdls obtainable from embryonic or adult CNS (c.g.in the case of tumor removal biopsies etc,)- 

tissue.which are able to divide indefinitdy when maintained In sudi instances the neural stem cell progeny may be 

in vitro using the culture conditions described herem, meet generated from dissociated tissue and proliferated in vitro 

aU of the desirable requirements of cells suitable for neural using the methods described above. Upon suitable expan- 

transplantation purposes and are a particularly suitable cell sion of cdl numbers, the precursor cells may be harvested, 

line as the cells have not been immortalized and are not of genetically modified if necessary, and readied for direct 

tumorigenic origin. The use of multq}Otent neural stem cdls injection into the redpient*s CNS, 

in the treatment of neurological disorders and CNS damage l^splantation can be done bilaterally, or, in the case of 

can be demonstrated by the use of animal modds. a patient suffering from Parkinson's Disease, contralateral to 

The neural stem cdl progeny can be administered to any the most affected side. Surgery is performed in a manner In 

animal with abnonnal neurological or neurodegenerative whidi particular brain regions may be located, such as in 

syn^toms obtained in any manner, induding those obtained ^ relation to skull sutures, particularly with a stereotaxic 

as a result of mechanical, chemical, or dectrofydc lesions, guide. Cells are delivered tiiroughout any affected neural 

as a result of experimental aspiration of neural areas, or as area, in particular to the basal ganglia, and preferably to the 

a result of aging processes. Particularly {sefeiable lesions in caudate and putamen, the nudeus basalis or the substantia 

non-human animal models are obtained with 6-hydroxy- nigra. Cells are administered to the particular region using 

dopamine (6-OHDA), l-methyl-4-phcnyl-l,234 tetrahy- 45 any method whidi maintains the integrity of surrounding 

drq)yndine (MFTP), ibotenic add and the Uke. areas of the brain, preferably by injection caimula. Lijection 

The instant mvwition allows the use of precursor cdls methods exemplified by fliose used by Ihincan et aL 
prqpared from donor tissue which is xenogeneic to tiie host J^Neurocytology, 17:351-361 (1988), and scaled up and 
Since &e CNS is a some\^t immunoprivaegcd site, the modified for use in humans are prefaredMetiiodstaught by 
immune response is significantly less to xenografts, than 50 Gage et aL, si^a, for the injection of cdl suspensions such 
dsewhcre in tiie body. In general, however, in order fa: as fibroblasts into the CNS may also be en^loyed for 
xenografts to be successfiU it is preferred tiiat some meUiod injection of neural precursor cells. Additional approaches 
of reducing or eliminatmg the immune response to the and methods may be found in Neural Grcflmg in the 
implanted tissue be cn^loyed- Tbus redpients wiU often be Mammalian CNS, Bjorldund and Stenevi, eds., (1985). 
immunosuppressed, dther through the use of immunosup- 55 Although solid tissue fragments and cdl suspensions of 
pressive drugs such as cydosporin. or through local immu- neural tissue are immunogenic as a whole, it could be 
nosiqjpression strategics employing locally applied immu- possible that individual cell types within the graft are 
nosuppressants, Loc^ immunosuppression is disdosed by themsdves immunogenic to a lesser degree. For example, 
Gniber, Transplantation 54:1-11 (1992). Rossini, U.S. Pat Bartiett et al. {Prog, Brain Res, 82: 153-160 (1990)) have 
No. 5,026365, disdoses encj^sulation methods suitable for eo abrogated neural allograft rejection by pre-selecting a sub- 
local immunosuppression. population of embryonic neuroepithelial cells for grafting by 

As an alternative to en^loying immunosuppression tiie use of immunobead s^aration on tiie basis of MHC 
techniques, methods of gene replacement or knockout using cxinression. Thus, anotiier approach is provided to reduce the 
homologous recombmation in embryonic stem cdls, taught diances of aUo and xenograft rejection by tiie redpient 
by Smitiiies et al. {Nature, 317:230-234 (1985). and 65 without ttie use of immunosiqxpression tedunques. 
extended to gene rq)laccnaent or knockout in cdl lines (H. Neural stem cdl progeny when administered to the par- 
Zheng 35 aL, PNAS, 88:8067-8071 (1991)). can be j^jplied ticular neural region preferably form a neural graft, wherein 
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the neuronal cells form nonnal neuronal or synaptic con- the lesion will not continue (c.g. genetically modifying the 

nections with neighboring neurons, and maintain contact cells to cure the demyelination lesion), 

with transplanted or existing gM cells which may form Oligodendrocytes derived tcom neural stem cell progeny 

myelin sheaths around the ndirons* axons, and jH'ovide a proliferated and differentiated in vitro may be injected into 

trophic influence for the neurons. As these transplanted cells 5 demyelinated target areas in the recipient A|^iropiiate 

fonn connections, they re-establish the neuronal networks amounts of type I astrocytes may also be injected. lype I 

which have been damaged due to disease and aging. astrocytes are known to secrete FDGF which promotes bo& 

Survival of the graft in the living host can be examined migration and cell division of oligodendrocytes, [Nobel et 

using various non-invasive scans sudi as computerized axial aL, Nature 333:560-652 (1988); Richardson ct aL, Cell, 

tonaj3grq)hy (CAT scan or CT scan), nudear magnetic 53309-319(1988)]. 

resonance or magnetic resonance imaging (NMR or MRI) or prefeaed treatment of demyelination disease uses 

more preferably positron emission tomogrq)hy(PBT) scans. undifferentiated neural stem cdl progeny, NeurosphCTcs 

Post-mortem examination of graft survival can be done by grown in the presence of a proliferation-indudng growth 

removing the neural tissue, and examining the affected factor such as EGF can be dissociated to obtain individual 

region macroscopically, or more preferably using micros- ^5 precucscr cells which are then placed in injection medium 

copy. Cells can be stained with any stains visible under light gn^j injected directly into the demyelinated target region, 

or electron microscopic conditions, more particulady with fhe ctUs differentiate in vivo. Astrocytes can promote 

stains which arc specific for neurons and gUa. Particulaily remyelination in various paradigms, Utercfore, in instances 

useful are monoclonal antibodies ^ch idjsntify noffonal where oligodendrocyte proliferation is impOTtant, the ability 

cell surface madcers such as the M6 antibody \^ch idcn- jo of precursor cells to give rise to type I astrocytes may be 

tifies mouse neurons. Most preferable are antibodies which usefuL In other situations, PDCfF may be applied topically 

identify any neurotransmitters, particularly those directed to during the tcansplantatioii as well as with repeated doses to 

GABA, TO, ChAT, and substance P, and to enzymes the iirplant site thereafter. 

involved in the synthesis of neurotransmitters, in particular, injection of neural stem cell progeny in remyelination 
GAD. Transplanted cdls can also be identified by prior ^5 therapy provides, amongst other types of cells, a source of 
incorporation of tracer dyes such as rhodamine- or jnimature type I astrocytes at the iiiq)lant site. This is a 
fluorescein-labdled microsphoes, fest bhie, bisbenzaimde significant feature because hnmature astrocytes (as opposed 
or retroviially introduced histochemical markers such as the ^ matxsre astrocytes) have a number of specific character- 
lac Z gmc which produces beta galactosidase. particularly suited for remyelination 

Functional integration of the graft into the host's neural 30 theri^jy. First, immature, as opposed to mature, type I 

tissue can be assessed by examinmg the effectiveness of astrocytes are known to migrate away fi-om the implant site 

grafts on restoring various functions, indudmg but not [Lindsay et al, Neurosci. 12:513-530 (1984)] when 

limited to tests for endocrine, motor, cognitive and sensory in^lanted into a mature recipient and become associated 

functions. Motcn: tests \n^di can be used include tfiose with blood vessels in the rcc^ricnt's CNS [Silver etaL, WO 

which quantitate rotational movement away from the degen- 33 91/O663 1 (1991)] . This is at least partially due to the fact &at 

erated ^de of the brain, and those )^diquantttate slowness immature astrocytes are intrinsically more motile than 

of movement, balance, cowdination, akinesia or lack of mature astrocytes. [Duffy €tiL,Exp Cell Res, D9; 145-157 

movement, rigidity and tremors. Cognitive tests include (1982), Ty>le VE]. T^ I astrocytes differentiating at or 

various tests of abflity to perform everyday tasiks, as well as the precunor cell implant site should have maximal 

various memory tests, including maze performance. 40 motility and thereby optimize the opportunity for oKgodcn- 

Neural stem cell prog^y can be produced and trans- drocyte growth and division at sites distant from the implant 

planted using the above procedures to treat demyelination The localization of fiie astrocytes near blood vessels is also 

diseases. Human demyelinating diseases tot which the cells significant from a thera^utic stand^int since (at least in 

of the present invention may provide treatment include MS) most plaques have a close anatomical relationship with 

disseminated perivenous encephalomyelitis, MS (Charcot 4s one or more veins. 

and Marburg types), neuromyelitis optica, concentric Another characteristic of inmiature astrocytes that makes 

sclaosls, acute, disseminated encephaloinyelitides, pc«t Hicai particulady suited for remyelination therapy is fiiat 

encephalomyelitis, postvaccinal encephalomyelitis, acute they undergo a lesser degree of cell death than mature type 

hemontagic Icufcoencephalopathy, progressive multifocal j astrocytes. (Silver et aL, supra) 

leukoencephalopathy, idiopathic polyneuritis, diphtheric 50 Any suitable method for the implantation of precursor 

neuropathy, Pelizaeus-Mozbadia- disease, ncuromyeUtis cells near to the demyelinated targets may be used so that the 

optica, diffuse ccxd>ral sdcrosis, central pontine myeHnosis, ^ become associated with the demyeHnaled axons, 

spongiformleukodystrophy, and leukodystrophy (Alexander ^ known to migrate to, along, and 

*yP^)' across tiieir neuronal targets thereby allowing the spacing of 

Areas of demyelination in humans is generally associated 55 injections. Remyelination by the injection of precursor cells 

with plaque like structures. Plaques can be visualized by useful thera5>eutic in a wide range of demyelinating 

magnetic resonance imaging. Accessible plaques are the conditions, should also be borne in mind that in some 

target area for injection of neural stem cell progeny. Stan- circumstances Tcmyelination by precursor cells will not 

dard stereotactic neurosurgical methods are used to inject result in permanent remyelination, and r^eated injections 

ceil suspensions both into the brain and spinal cord. 60 ^j^rin (>e required. Such therapeutic approaches offer advan- 

Gencrally, the ceUs can be obtained from any of the sources ^agg over leaving the condition untreated and may ^are the 

discussed above. However, in &e case of demyelinating recqient's life. 

diseases with a genetic basis directly aflfectuig the ability of , _ , . . ^ 

themyelinfonmngceUtomyelinatcaxons,allogencictissue ^ ^^vo Rrohfcration Me^^^^^ and Gencfac 

would be a prcfaxed source of the cdls as autologous tissue 65 Modification of Neural Stem Cell Progeny 

(ic. the rccipiettt*s cells) would generally not be useful Neural stem cells and their progeny can be induced to 

unless &e cells have been modified in some way to insure proliferate and differentiate in vivo by administering to the 
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host, any growth factoi(s) or pharmaceutical compositioii 
that will induce prolif cration and differentiation of the cells. 
These growth factors include any growth factor known in 
the art including Ac growth factors described above for in 
vitro proliferation and differentiation. Pharmaceutical com- 
positions include any substance that blocks the inhibitory 
influence and/or stimulates neural stem cells and stem cell 
progeny toprolifierate and ultimately differentiate. Thus, the 
techniques described above to proliferate, differentiate, and 
genetically modify neural stem cells in vitro can be adapted 
to in vivo techniques, to achieve similar results. Such in vivo 
manipulation and modification of these cells allows cells 
lost due to injury or disease, to be endogenously replaced, 
thus cbviating the need for transplanting foreign cells into a 
patient Addftionally* &e cells can be modified or genetically 
engineered in vivo so that they express various biological 
agents useful in the treatmoit of neurological disorders. 
Administration of growth factors can be done by any 
method, including injection cannula, transfection of cells 
with growth hoimone-expressing vectors, injection, timjed^ 
release apparati ^v^ch can administer substances at the 
desired site, and the like. Pharmaceutical compositions can 
be administered by any method, including injection cannula, 
injection, oral administration, tuned-release apparati and 'die 
like. The neural stem cells can be induced to proliferate and 
differentiate in vivo by indut^on with particular growth 
factors or pharmaceutical con^ositioas which will induce 
their proliferation and differentiation. Therefore, this latter 
method dicumvents the problems associated with transplan- 
tation and immune reactions to foreign cells. Any growth 
factOT can be used, particularly EGR TCTot FGF-1, FGF-2 
and NGF. 

Growth factors can be administered in any manner known 
in the art in whidi the factors may eitiier pass through or 
by-pass the blood^brain barrier. Mrthods for allowing fac- 
tors to pass through the blood-brain barrier iodude mini- 
mizing the size of the factor, or providing hydrophobic 
factors which may pass through more eadly. 

The fact that neural stem cells are located in the tissues 
lining ventricles of mature brains offers several advantages 
for ttic modification and manipulation of these cells in vivo 
and the ultunate treatment of various neurological diseases, 
disorders, and injury that affect different regions of &e CNS. 
Ther^y for these can be tailored accordingly so that stem 
cells surrounding ventddes near the affected region would 
be manipulated or modified in vivo using the methods 
described herein. The ventricular system is found in nearly 
all brain regions and thus allows easier access to the affected 
areas. If one wants to modify the stem cells in vivo by 
exposing them to a composition comprising a growth fact<»: 
or a viral vector, it is relatively easy to implant a device that 
admirusters the composition to the ventricle and thus, to the 
neural stem cells. For example, a cannula attached to an 
osmotic pump may be used to deliver the composition. 
Alternatively, the composition may be injected direcdy into 
the ventrides. The neural stem cell progeny can migrate into 
regions that have been damaged as a result of injury or 
disease. Furthermore, the dose proximity of the ventddes to 
many brain regions would allow for the diffusion of a 
secreted neurological agent by the stem cells or their prog- 
eny. 

For treatment of Huntington's Disease, Alzheimer's 
Disease, Parkinson's Disease, and other neurological disor- 
ders affecting primarily the forebrain, growth factors or 
other neurological agents would be delivered to the ven- 
trides of the forcbrain to affect in vivo modification or 
manipulation of the stem cells. For exanq)le, Parkinson's 
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Disease is the result of low levds of dopamine in the brain, 
particularly the striatun:L It would be advantageous to induce 
a patient's own quiescent stem cells to begin to divide in 
vivo and to induce the progeny of these cells to differentiate 
5 into dopaminergic cells in the affected region of the striatum, 
thus locally raising the levels of dopamine. 

Kormally the cell bodies of dopaminergic neurons are 
located in the substantia nigra and adjacent regions of die 
mesencephalon, with the axons projecting to the striatum. 
Prior art methods for treating Parkinson's disease usually 
involves tiie use of the drag l^Dopa, to raise dopamine 
levels in the striatum. However, there are disadvantages widi 
this treatment induding drug tolerance and side effects. 
Also, embryonic tissues that produce dopamine have been 
transplanted into the striatum of human Parkinsonian 
patients with reasonable success. However, the use of large 
quantities of fetal human tissue required for this procedure 
raises serious ethical concerns and practical issues. 

The methods and conq>ositions of the present invention 
provide an alternative to die use of drugs and the contro- 
^ versial use of large quantities of embryonic tissue for 
treatment of Parkinson's disease. Dopamine cells can be 
generated in the striatum by the administration of a conq>o- 
sition conqirising growth factors to the lateral ventride. A 
particularly preferred composition comi^ises a combination 
of EGP, FGF-2, and heparan su^hate. The composition 
preferably also conqxrises serum. After administration of this 
composition, there is a significant increase in the transcrq)- 
tion of messenger RNA (mRNA) for TH in the subventciai- 
lar region of the striatum, an area which normally does not 
contain dopaminergic cdl bodies. These metiiods and results 
are described in detail in Example 34. As detailed in 

Example 35, the use of dual labeling tissue to ^ow the 
distribution of BrdU+ and TH+ cells indicates that in 
response to the in vivo administration of growth factors, 
TH+ ceU bodies occur in striatal tissue. Many of these newly 
gen^ated TH-h ceHs are also BrdU+. 

For the treatment of MS and other demyelinating <x 
hypomyelinating disorders, and for the treatment of Amyo- 
4Q trophic Lateral Sderosis or other motor neuron diseases, 
growth factors or other neurological agents would be deliv- 
ered to the central canaL 

In addition to treating CNS tissue immediately surround- 
ing a ventrilde, a viral vector, DNA, growtii factor, or otiier 
45 neurological agent can be easily administered to (he lumbar 
cistern for circulation throughout die CNS. 

Under normal conditions subependymal precursors do not 
differentiate or migrate, rather, tiieir fate appears to be cell 
death after an undefined number of cell divisions ^orshead 
30 and Van der Kooy, siqira). This explanation is also supported 
by PGR evidence, as described above. Injection of growth 
f act<^ into the lateral ventdde alters this fate. As described 
in more detail in Example 27 below, retroviruses were 
injected into the lateral ventrides for six consecutive days. 
55 Ir^lanting canhulae attadied to EGF-filled osmotic pumps 
into die lateral ventrides on die same day as (and 1 or 6 days 
following) retrovirus injection results in an increase in die 
total number of RV-p-gal labelled cells 6 days later (firom an 
average of 20 ccUs/hrain to 150 cdls/brain). 
60 E is known from the PGR experiments described above 
that 6 days following retrovnral injection no cells exist that 
contain non-expressed retroviral DNA. Thus these results 
indicate that the EGF-induced increase in p-gal positive cell 
number is due to the expansion of the clone size of the 
65 retrovirally labelled constitutivdy proliferative population. 
It is also possible that, part of this increase is due to the 
activation by EGF of a relativdy quiescent stem cell. 
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laterestingly. this expansion of the number of P-gal adcnylation signals. These expression vectors include 

labelled cells is accompanied by the migration of these cells recombinant vaccinia virus vectors including pSClL or 

away from the subependymal medially, laterally, rostrally, vectors derived various viruses such as fr<Hii Simian Virus 

and caudaUy with subsequent differentiation. Thus, infusion 40 (SV40, Le. pSV2-dhfr, pSV2neo, pko-neo, pSV2gpt, 

of EGF or similar growth factors induces tkc proliferation, 5 pSVT7 and pBABY), from Rous Sarcoma Virus (RSV, Le. 

migration and differentiation of neural stem cells and pro- pRSVneo), from mouse mammary tumor virus (MMTV, Le. 

genitor cells in vivo, and can be used therapeutically to pMSG), from adenovirus(pKr2), from herpes sin5)lex virus 

replace neural cdls lost due to injury or disease. In a (HSV, Le. pTK2 and pHyg), from bovine pqnllomavkus 

preferred embodiment EGF and FGF are administered (BFV, Lc. pdBFV and pBV-lNTTHA), from Epstein-Barr 

together or sequentially. lO Virus (EBV. Le. p205 and pHEBo) or any otiicr eukaryotic 

The normal fate of tiie constitutivdy jHroltferating cell exptsssion vector known in the art 

population (Le. cell death) can be altered by administering Odier mcthod&f or providing growth factors to the area of 

Bd'-2 or genetically modifying the cells with tiie bcl-2 gene. tranqilantation include the implantation into the brain in 

The gene product is known to prevent programmed cell proximity to Ihc graft of any device ^^ch can provide an 

death (apoptosis) in a variety of cell types. Similar to the infrision of the factor to die surrounding cells. 
EGF experiments, a clonal expansion of the constitutively 

proliferating ceU population is adiieved foUowing infection . In Vitro Modds of OTS Development, Function 

witlibd-2. and Dysfunction, and Methods for Screening 



O&ex ways of passing the blood-brain' barrier include in 



Effects of Drugs on Neural Cells 



vivo transfection cf neural stem cells and stem cell progeny ^ Neural stem cell progeny cultured in vitro can be used for 
with expression vectors containing genes that code for the screening of potential neurologically tfaen^utic com- 
growth factors, so that the cells themselves produce the positions. These conqjositions can be ^lied to cells in 
factor. Any useful genetic modification of the cells is witiiin culture at varying dosages, and the response of ttie cells 
the scope of the present invention. For example, in addition monitored for various tune periods. Physical characteristics 
to genetic modification of the cells to express growth factors, ^ of the cdls can be analyzed by observing cell and neurite 
the cells may be modified to express other types of neuro- growth with microscopy. The induction of e^cpression of new 
logical agents such as neurotransmitters. Preferably, the or increased levels of proteins such as enzymes, receptors 
genetic modification is performed either by infection of the and other cell surface molecales, or of neurotransmitters, 
cells lining ventricular regions with recombinant retrovi- amino adds, neurq>eptides and biogenic amines can be 
ruses or transfection using methods known in the art include analyzed wiih any technique known in the art which can 
ing CaP04 transfection, DEAE-dcxtran transfection, poly- identify the alteration of the levd of such molecules. These 
brene transfection, by protoplast fusion, electroporation, tedmiques include immunohistochemistry using antibodies 
]q>ofection, and the like [see Maniatis et aL, supra]. Any against sudi molecules, ox biochemical analysis. Such bio- 
method of genetic modification, now known or later devel- chemical analysis includes protein assays, enzymatic assays, 
oped can be used. Wth direct DNA transfection, cells could recq)tor binding assays, enzyme-linked immnnosorbant 
be modified by particle bombardment, receptor mediated assays (EUSA), e]ectr<¥h<^c analysis, analysis withhig^ 
delivery, and cationic liposomes. When chimeric gene con- performance liquid cfaromatogrc^y (HFLQ, Western blots, 
structs are used, th^ generally will contain viral, for and radioimmune assays (RIA). Nudeic acid analysis such 
example retroviral long terminal repeat (LTR), simian virus as Northon blots can be used to examine the levels of 
40 (SV40), cytomegalovirus (CMV); or .mammalian cell- ^ mRNA coding for these molecules, or for enzymes which 
specific promoters such as those for TH, DBH, phenyle^ia- synthesize these molecules. 

nolamine N-rocthyltransferase, ChAT, OTAP, NSE, the NF Alternatively, cells treated with these pharmaceutical 
proteins (NF-L, NF-M, NF-H, and the like) that direct the conq)ositions can be transplanted into an ammal, and their 
exprcsssion of the structural genes encoding the desired survival, ability to form neuronal connections, and bio- 
protein, chemical and immunological characteristics examined as 

If a retroviral construct is to be used to genetically modify previously described, 
normally quiescent stem ceUs, then it is preferable to induce pQj. the preparation of CNS models, neural stem cells and 
the proliferation of these cells using the methods described stem cell progeny are proliferated using the mediods 
herein. For example, an osmotic infusion pump could be described above. Upon removal of the proliferation- 
used to deliver growth factors to the central canal several inducing growth factor, proliferation of multipotent neural 
days prior to infection with the retrovirus. This assures that stem cells ceases. The neurospheres can be differentiated 
there will be actively dividing neural stem cells whidi are themediods described above, for exan^leby adhering 
susceptible to infection with the retrovirus. the neurospheres to a substrate such as poly-omithinetreated 

When the genetic modification is for the production of a 55 plastic or glass where the precursor cells beg^ to diffcren- 
biologically active substance, the substance will generally tiatc into neurons and gjial cells. Thus, the proliferation- 
be one that is useful for the treatment of a given CNS inducing growth factor acts as an extrinsic signaling mol- 
disorder. For example, it may be desired to genetically ecule tiiat can be added or removed at will to control the 
modify cells so they secrete a certain growth factor product extent of proliferation. 

Growth factor products useful in the treatment of CNS When the proliferation-inducing growth factor is 
disorders are listed above. Cells can also be modified in vivo removed, the growth-factor responsive stem cell progeny 
to express a growth factor receptors, neurotransmitters or can be co-cultured oh a feeder layer. Many types of feeder 
their receptors, neurotransmitter-synthesizing genes, layers may be used, su<h as fibroblasts, neurons, astrocytes, 
neuropeptides, and the like, as discussed above. oligodendrocytes, tumor cell lines, genetically altered cell 
Any CTpression vector known in &e art can be used to. 65 lines or any cells or substrate with bioactive (nroperties. The 
cxi^css the growth factor, as long as it has a promoter which feeder kycr generally produces a broader range of pheno- 
ls active in the cell, and appropriate termination and poly- types. In tiiis instance, the feeder layer acts as a substrate and 
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source of both membrane bound and soluble factors that or, alternatively, from a host afOicted with a CNS disease or 

induce and alter the differentiation of the stem ccU-genezated dis(H:der such as Aizheimier* s Disease, Parkinson's Disease, 

progeny. Compared to a more inert substance, such as or Down's Syndrome. The choice of culture will depend 

poly-L-omithinc. an astrocyte feeder layer, for cjtample, opon the particular agent being tested and the effects one 

induces a broader range of neuronal phenotypes as deter- 3 wishes to achieve. Once the cells are obtained from the 

mined by indirect immnnocytochemistry at 7 DIV. When ^^ired donor tissue, they are proliferated in vitro in the 

differentiated on a poly-l^thine coated substrate with pr^^^cc of a proliferation-inducing growth factor. 

1% FBS, neuronal phenotypes are ahnost exclusively The abiUty of various biological agents to increase, 

GABAetgic or substance P-crgic When differentiated on an decrease (ff modify in some o&er way the number and nature 

astrocyte feeder layer, in addition to GABAergic and sub- lo of stem ceU progeny proliferated in tiie i^esence of EGF 

stance P-ergic neurons, somatostatin, neuropeptide Y or other proliferative factor can be screened on cells prolif- 

(NPY), ghitamate and met-enkephalin-oontaining neurons erated by the methods desodbed in Examples 1-6. Fdr 

are ptesent The astrocytes can be daived from tissue example, it is possible to screen for biological agents that 

obtained from various brain regions such as the striatum, increase tiie prolif^ative ability of iffogenitor cells whidi 

coitcx and spinal cord. 15 would be useful for generating large numbers of cells foe 

Once the growth factor is removed, the culture medium ?J^V^<>n purposes. K is also possible to screen for 

may contain serum such as 0^-1.0% PBS. Sermn tends to J^^^*^ ceU proliferation^ 

suKx>rtthedifferentiationproccssandenhanceceUsurvival, ^^^"f "^"^^^T^^}^^ 

es^y when the differentiating cells are grown at a low thebio^^^c^factor(s) of interes^d^^ 

de^However, it is possible ^ culture aTd differentiate 20 of prohferation which oc«irs. The effects of a biological 

the cells using defined Auditions. ff' <^ comhmatton of biological agents on the diffcren- 

^. ^ ... ... , Uation and survival ofprogenitor cells and Iheir progeny can 

Within 1-3 days after removal of the grow* factor and <ietennined. E is possible to screen neural cells which 

placing of the ceU in conditions that support differentiation iadaceA to differentiate prior to the 

and survival, most or aU of the precursor cells begin to lose soeentag. It is also possible to determine the effects of the 

immnnoreachvity for nestin and begin to cxpr«$ antics ^ological agents on the diff<nntiation process by applying 

specific for neurons, astrocytes or- ohgodendrocytes. The thean to precursor cells pricr to diffeioitiation. Generally, the 

identi^cation of neurons is confirmed using immunoeac- biological agent wiU be sotohilized and added to the culture 

Uvity forthe neuron-speoftc markers previously mentioned. medium at varying concentrations to dctcnnine the effect of 

The precursor cells described above can be used in the agent at each dose. The culture medium may be replen- 

methods of detennining the effect of a biological agents on ished with the biological agent every ccHiple of days in 

neural cells. The term *1>iological agent" refers to any agent, amounts so as to keep the concentration of the agent 

such as a virus, protein, peptide, amino acid, lipid, somewhat constant 

carbohydrate, nudcic add, nucleotide, drug, pro-drug or Changes in proliferation are observed by an inoease or 

other substance that may have an effect on neural cells ^ decrease in the number of ncurospheres that form and/or an 

whetho- such effect is harmful, beneficial or othewise. increase or deaease in &e sizie of ttie neurospheres (which 

Biological agents that are beneficial to neural cells arc isareflectionof die rate of proliferation— determined by Ac 

referred to herein as "neurological agents", a term which numbers of precursor cells per neurosphere). Thus, the term 

encompasses any biologically or pharmaceutically active ••regulatory factor" is used herein to refer to a biological 

substance that may prove potentiaUy useful for the ^ factorthathasaregulatory effect on the proliferation of stem 

proliferation, differentiation or functioning of CNS cdls ot cells and/or precursor cells. For example, a biological factor 

treatment of neurological disease or disorder: For exan^e, would be considered a **rcguIatory factor" if it increases or 

the term may encompass attain neurotransmitters, neu- decreases the number of stem cells that proliferate in vitro in 

rotransmittcr receptors, growth factors, growth factor response to a firoliferation-inductng growth fector (such as 

receptors, and Ae like, as well as enzymes used in ttie ^qj^ Alternatively, the nnmber of stem cells that respond 

synthesis of these agents. ^ proltferation-indudng factors may remain the same, but 

Examples of biological agents include growth factors addition of the regulatory factf^ affects the rate at which the 

such as F(5F-1, FGF-2, EGF and EGF-like ligands, TGFo, stem ceU and stem cell progeny proliferate. A proliferative 

IGF-1, NGF, PDGF, and TGFps; trc^hic factors such as facta may act as a regulatory factor when used in combi- 

BDNF, CNTF, and gUal-derivcd neurotrophic factor so nation with another proliferative factor. For example, the 

(GDNF); regulators of intracellular pathways associated neurospheres thatfom in the presence of a combination of 

with growth factor activity such as phorbol 12-myristate bFGF and EGF arc significantly larger than the neurospheres 

13-acctate, staurosporine, CGP-41251, tyiphostin, and the that form in the presence of bFGF alone, indicating that the 

like; hormones such as activin and TRH; various proteins rate of proliferation of stem cells and stem cell progeny is 

and polypeptides such as interleukins, the Bcl-2 gene 55 higher. 

product, bone morphogenic protein (BMP-2), macrophage Other examples of regulatory factors include heparan 

infiammatory proteins (MlP-la, MIP-lp and MIP-2); oli- sulfate, TGFBs, activin, BMP-2, CNTF, retinoic add, 

gonucleotides such as antisense strands directed, for TNFot,MIP-l(X, MIP-lp, MIP-2, NOT, PDGF, interleukins, 

example, against transcripts for EGF receptors, FGF and die Bcl-2 gene product Antisense molecules that bind to 

receptors, and the like; heparin-like molecules such as ^ transcripts of proliferative factors and the transcripts for 

heparan sulfate; and a variety of other molecules that have their receptors also regulate stem cell proliferation. Other 

an effect on neural stem cells or stem cell progeny induding factors having a regulatory effect on stem cell proliferation 

an[q>hir^ulin. retinoic acid, and tumor necrosis factor alpha indude those that interfere with the activation of the c-fbs 

(I^NFa). pathway (an intermediate early gene, known to be activated 

To determine the effect of a potential biological agent on 65 by EGF)* induding phorb<^ 12 myristate 13-acetate (PMA; 
neural cells, a culture of precursor cells derived from mul- Sigma), which up-regulates the o-fos pathway and stauro- 
tipotent stem cells can be obtainedfromnormal neural tissue sporine (Research Biochemical International) and CGP- 
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412S1 (Ciba-Geigy), whicb down regulate c-fos expression with respect to cdteria sudi as the ratios of expressed 

and factots, such as tyiphostin [Fallon, D et al.. Mol. Cell pheno^pes (neurons: glial cells, or neurotransmittBrs or 

BioL, 11 (3): 2697-2703 (1991)] and the lite, which sup- . other maricers), cell viability and alterations in gene expres- 
press tyrosine kinase activation induced by be binding cf . sion. Physical characteristics at the cells can be analyzed by 

EOF to its recqrtor. 5 observing cell and neurite moiphology and growth with 

Referred regulatory factors {<x increasing the rale at microscc^. The induction of ex|session of new or increased 

whidi neural stem cell pr«^ny {mliferate in response to levels of proteins such as enzymes, receptors and oflier cell 

FGF are hq)aran sulfate and EOT. Frefencd regulatory surface molecules, or of nanotransmitiers, amino adds, 

factors for decreasing the nmnber of stem CCDs that respond neuropeptides and biogenic amines can be analyzed witti 

to prolifOTliye&ctes of the TGF^amUy, technique known in the ait which can identify the 

u«terieufaiis,Mffs altewlion of the level of such molecules, niese techniques 

CNTF. Refened factors f<^Jf^i size of neuro- immnnohistochemistry using antibodira^st 

frrS^S^rrSStSclSl^^^^ suJmolecul«^orbl^emi«aa,^Suchhiodtemi^ 

a concentration in fee range of about 10 pgrail to 500 ng^ml, /miCA\ -i-JLLj»^^v *«^Ur«v *««u»So u:^u ^ 

prefeiahly about 1 ngtel to 100 ng/mL^t most prefored f^^)' dccfrophoreUc analysis, andj^ wrth high per- 

concentration for regulatory factors is about 10 ngAuL Hie f<™cc liquid cfaromato^phy (Hnx:), blote, 

legolatoiy factorietinoic addisprqjaredftoma 1 mM stock radiommumc assays (RIA). Nucleic acid analysis such 

solution and used at a final concentration between about 0.01 ^ Narthem blots and PGR can be used to examine the levels 

pM and 100 pM, preferably between about 0.05 to 5 pM. of mRNA coding far these molecules, or for enzymes which 

Prefeued for reducing the proliferative effects of EOF or synthesize these molecules. 

bFGF on neuFOSphere generation is a concentration of about The factors involved in the prolifefation of stem cells and 

1 pM of rdinoic acid. Antisense strands, can be used at tiie proliferation, differentiation and survival of stem cell 
concentrations from about 1 to 25 pM, lYefened is a range progeny, and/or their responses to biological agents can be 
of about 2 to abom 7 pM-PMA and related molecules, used 25 isolated by constructing cDNA libraries from stem cells or 
to increase proliferation, may be used at a concentration of ^ progeny at different stages of tiieir development 
about 1 to 500 pg^il, Ifcferably at a concentration of ugj^g techniques toown in die art The libraries from cdls 
about 10 jigMil to 200 Mg/nH. The glycosammo^ycan^ devel^mcntal stage are compared witii those of cells 
heparan sulfate IS a ubiqmtous ^mponcnt on the surf ace of ^ development to detetmine the sequence 
mammahan cells toiown to affect a variety of ceUular 30 ^ expression during development and to reveal the 
proc^es and which binds to^wfefact^mo^ such ^^^^^ biological agents or to reveal new bio- 
as FGF and anqtoegohn, tiiereby promoting the binding of ^^^^ ^ expression in CNS cdls. When 
these moleades to tfieir receptors on the surfaces of cells. It ^^^^ ^ ^ ^ dysfunctional tissue, genetic 
can be added to the culture medium m combination with ^ Identified tiiat play a role in tiie ciise of 
otiicr biological factors, at a concentration of about 1 ngtol 35 dysfunction by comparing tiie Hbraries from the cfysfiino 
^ i.?^* preferred IS a conccntialxon of about 0.2 tional tissue wife tiiose from normal tissue. This information 
pgtadto 20 pg/ml, most preferred is a concentration of about can be used in tiie design of feerapies to treat fee disorders. 

2 pgmiL Additionally, probes can be identified for use in fee diag- 
Using feese screening mefeods, it is possible to screen for ^^5^3 various genetic disoiders or for use in identifying 

potential drug side-effects on pre- and post-natal CNS cells 40 neural cells at a particular stage in development 

by testingfafeeeffectsof feeW^^^^ Hecttophysiological analysis can be used to determine 

and prc^emtor <^ proliferation and on ^g«^<^ ^eU effecti (rf biological agents on neumnal charactaistics 

d^^ntjationorfeesurvrv^and m^nhrJe potential, evoked potentials, 

CNS cells. The prolifeiated precursor cefls are typically ^ rr® . *. ^ *^ T^T j j • 

TL* J * J r -**r i>u irt6 11/ 1 Tx-*' J . J direction and lomc nature of cmreat flow and fee dynamics 

platedatadensityof about 5-10x10 ceWmL If It is desired 45 ^ 1 * u j • 

I ^ *u _jr :i X XL t.- 1 - 1 * ^ t of ion channels. These measurements can be made using any 

to test fee effect ofthe biological agent on a particuku- ^ extraceUuhrligle 

d^erentiated ecu type or a g^ven make-up of cells, fee ratio voltage recording, intta^flularWtage recording, X 

of neurons to glial cdHs obtained after diff^entiation can be ~: ^, * ^nToftrT^i^ Z!^L c^TcJ^ a^^c 

manipulated byVeparating fee different types of cells. For ^^e clampmg and pa^clampmg VoUage sensitive dyes 

*^7~r VV^lnT"! / "77 v; T>l!r. and ion sensitive electrodes may also be used, 

example, fee 04 antibody (available from Boerhmger 50 

Mannheun) binds to oligodendrocytes and fedr precursors. following cxan^les are iwrsented in order to more 

Using a panning procedure, oHgodendrocytes are separated i^ustrate fee preferred embodiments of fee invention, 

out Astrocytes can be panned out after a binding procedure They should in no way be construed, however, as limiting 

using fee RAN 2 antibody (available from ATCQ. Tetanus *h®. ^ *® mvention, as defined by fee appended 

toxin (available fromBoerhinger Mannheim) can be used to 55 ^^^aims, 

select out neurons. By varying fee trophic factm added to ___ . , ™ t7 ^ - ^ j:t^ • \ 

^ ,^ ... . J ^ .. ... - , EXAMPLE 1: Dissociation of Embryomc Neural 

fee culture medium used dunng differentiation It is possible Ti 

to intentionally alter fee phenotype ratios. Such trophic issac 

factors include EOF, FGF, BDNF, CNTF, TGFa,GDNF, and 14-day-old CD7 albino mouse embryos (Charles River) 

fee like. For example, FGF increases fee ratio of neurons, 60 were decapitated and fee brain and striata were removed 

and CNTF increases fee ratio of oligodendrocytes. Growing using sterile procedure. Tissue was mechanically dissociated 

fee cultures on t>eds of glial cells obtained from different wife a fire-polished Pasteur pipette into serum-free medium 

CNS regions will also affect fee course of differentiation as composed of a 1:1 mixture of Dulbecco's modified EagLe*s 

described above. The differentiated cultures remain viable medium (DMEM) and F-12 nutrient (Gibco). Dissociated 

(wife phenotype intact) for at least a month. 65 cells were centrifuged at 800 r.p.m. for 5 minutes, fee 

The effects of fee biological agents are identified on fee suponatant aspirated, and fee cells resuspended in DMEM/ 

basis of significant difference relative to control cultures F-12 medium for counting. 
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EXAMPUB 2: Dissociation of Adult Neural Tissue 

Brain tissue firom juvenile and adult mouse brain tissue 
was removed and dissected into 500 pm sections and imme- 
diately transferred into low calcium oxygenated artificial 
cerebrospinal fluid (low CaV aCSF) containing 133 mgAnl 
trypsin. 0.67 mg^ml hyaluronidase^ and 0.2 mg^ml kynuremc 
add. Tissue was stirred in this solution for 90 minutes at 32^^ 
C.-35° C. aCSF was poured off and replaced with fresh 
oxygenated aCSF for 5 minutes. Tissue was transfored to 
DMEM/F-12/10% hormone solution containing 0.7 mgfvol 
ovomucoid and triturated with a fire polished pasteur 
pipette. Cells were centrifiiged at 400 rpm. for 5 minutes, the 
supernatant aspirated and the pelleted cells resuspended in 
DMEM/F-12/10% hormone mix. 

EXAMPLE 3: Proliferation of Neural Stem Cells 
on Substrates 

2500 cdls/cm^ prepared as in Example 1 were plated on 
poly-L-omithine-coated (15 ^g/ml;Siqnia) glass cov^lips 
In 24 wdl Nunclon (0.5 tnl/weU) culture dishes. The culture 
medium was a sctumrfree medium can[q>osed of DMEM/F- 
12 (1:1) including glucose (0.6%), gLutamine (2 gM)^ 
sodium bicarbonate (3 mM), and HEPES (4- 
[2hydn>xyetfayl]-l-pipeFaziaeetiianesulfonic add) buffer (5 
mM) (all from Sigma except glutamine [Gibco]). A defined 
hormone mix and salt mixture (Sigma) that included insulin 
(25 Mg/ml), transfenin (100 M£^ml), progesterone (20 nM), 
putrescine (60 pM) « and selenium chloride (30 nM) was used 
in place of serum. Cultures contained the above medium, 
hereinafrer referred to as "Con^^ Medium** together with 
16-20 ng/rnl EGF (purified from mouse sub-maxillary, 
CoUaborative Research) or TGFa (human recombinant, 
Gibco). After 10-14 days in vitro, media (DMEM only plus 
hormone mixture) and growth factors were replaced. This 
medium change was repeated every two to four days. The 
number of surviving cells at S days in vitro was determined 
by incubating the coverslips in 0.4% trypan blue (Gibco) for 
two minutes, washing with phosphate buffered saline (PBS, 
pH 7.3) and counting the number of ceUs that excluded dye 
with a Nikon Diaj^ot inverted microscope. 

EXAMPLE 4: Proliferation of Embryonic Mouse 
Neural Stem Oils in Suspension 

Dissociated mouse brain cells prepartd as in Examples 1 
and 2 (at 1x10^ cell/ml) were suspended in Complete 
Medium with 20 ng/ml of EGF or TGFa. Cells were seeded 
in a T25 culture flask and housed in an incubator at 3V C, 
100% humidity, 95% air/5% COj. OUs began to proliferate 
wifiiin 3-4 days and due to a lack of substrate lifted off die 
floor of the flask and continued to proliferate in suspension 
forming clusters of undifferentiated cells, referred to herein 
as "neurospheres". After 6-7 days in vitro the proliferating 
clusters (neurospheres) were fed every 2-4 days by gentle 
centrifiigation and resuspension in DMEM with the addi- 
tives described above. 

EXAMPLE 5: Proliferation of Adult Mouse Neural 
Stem Cells in Suspension 

The striata, including the subependymal region, of 
female, pathogen-free CDl albino mice [3 to 18 month old; 
Charles River (CFl and CF2 strains yielded identical 
results)} were dissected and hand cut with scissors into 
1-mm coronal sections and transferred into aCSF (pH 735, 
approx. 180 mOsmol), aerated with 95% 02-5% COj at 
room tenq)erature. After 15 minutes the tissue sections were 



transferred to a spinner flask (Bellco Glass) with a magn^c 
stirrer filled with low-Ca^+ aCSF (pH 735, approx. 180 
mOsmol), aerated with 95% ©2-5% CO^ at 32° to 35* C, 
containing 133 mg/ml of trypsin (9000 5AEE units/mg), 

5 0.67 mg/ml of hyaluronidase (2000 units/mg) and 0.2 mg/ml 
of kynuremc acid. After 90 minutes, tissue sections were 
transf ecred to normal aCSF for 5 minutes prior to trituration. 
Tissue was transfcired to DMEM/F-12 (A: 1, Gibco) 
medium containing 0.7 mg/nol ovomucoid (Sigma) and 

10 triturated mechanically with a fire-narrowed pasteur pipet 
Cells were plated (1000 viable cells per plate) in noncoated 
35 mm culture dishes (Costar) containing Complctfi Medium 
and E(jF [20 ng/ml, purified from mouse sub^naxiHary 
gland (Collaborative Research)] or human recombinant 

IS (GibcQ/BRL).CeUs were allowed to setde for 3-10 minutes 
after which tiie medium was aspirated away and fresh 
DMEM/F-12/horTnone mix/E(jF was added. After 5-10 
days in vitro the number of spheres (neuro^hexes) were 
counted in eadi 35 mm dish. 
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EXAMPLE 6: Passaging Proliferated Stem CeUs 



After 6-7 days in vitro, individual cells in the neuro- 
spheres from Exanq)le 4 were sq>arated by triturating die 
neurospheres with a fiire polished pasteur pip^. Single 
cells frxmi the dissociated neurospheres were suspended in 
tissue culture flasks in DMEM/F- 12/10% hormone mix 
together with 20 ng/ml of EGF. A percentage of dissociated 
cells began to proliferate and fcmned new neurospheres 
largely composed of undi£ferentiated cells. The flasks were 
shaken well and neurosph^es were allowed to settle in flie 
bottom comer of the flask. Ihe nwospheres were then 
transferred to 50 ml centrifuge tubes and centrifuged at 300 
rpm for 5 minutes. The medium was aspirated off, and the 
neurospheres were resuspended in 1 ml of medium contain- 
ing BGP. The cells were dissociated with a fire-narrowed 
pasteur pipette and triturated f(xty times. 20 microliters of 
cells were removed for counting and added to 20 microliters 
of Trypan Blue diluted 1:Z The cells were counted and 
replated at 50,000 cells/ml. Hiis procedure can be repeated 
weekly and results in a logarithmic increase in the niunber 
of viable cells at each passage. The procedure is continued 
until the desired number of stem cell progeny is obtained. 
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EXAMPLE 7. Differentiation of Neural Stem Cell 
Pr<^eny and frnmunocytodiemistry 



Cells proliferated from Examples 4 and 6 were induced to 
differentiate by maintaining the cells in the culture flasks in 
the presence of EGF oc TGFa at 20 ng^ without reiniti- 
50 ating proliferation by dissociation of the neurospheres or by 
plating on poly-ornithine in the continued presence of EGF 
or TGFa 

Indirect inmuinocytochemistry was carried out with cells 
prqjared as in Example 3 which had tieen cultured for 14-30 

55 days in vitro on glass coverslips. For anti-NSB (or anti- 
nestin) and anti-GFAP immunocytochemistry, cells were 
fixed wifli 4% paraformaldehyde in PBS and 95% ethanol/ 
5% acetic acid, respectively. Following a 30 minute fixation 
period, coverslips were washed three times (10 minutes 

60 each) in FBS (pH=73) and dien incubated in the primary 
antiserum (NSE 1:300, nestin 1:1500 or GFAP 1:100) in 
PBS/10% normal goat senim/a3% TRTTONO-X-lOO) for 
two hours at 37* C Coverslips were washed three times (10 
minutes each) in FBS and incubated with secondary anti- 

65 bodies (goat-anti-^abbit-rhodamine for anti-NSE or anti- 
nestin and goat-anti-mouse-fluorescein for antiGFAF, both 
at 1:50) for 30 minutes at 37** C Coverslips were then 
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washed three times (10 miiiutes eadi) in FBS^ nnsed with 
water, placed on glass slides and coverslipped using 
Haorsave. a mounting medimn preferable for use with 
fluorescein-conjugated antibodies. Fluorescence was 
detected and photographed with a Nikon Optq)hot photo- 
microscope. 

Neural stem cell progeny were also differentiated using 
the following differentiation paradigms. The neorospheres 
used for each paradigm were generated as outlined in 
Eicamples 4 and 6. All the neurospheres used were passaged 
at least once prior to their differentiation. 

Paradigm 1 — Rapid differentiation of neuros^ercs 

Six to S days after the first passage, the neurospheres were 
removed and centrifuged at 400 r.p on. The EGF-containing 
supematact was removed and the pellet suspended in EGF- 
free conqilete medium containing 1% FBS. Neurospheres 
(af^ffoximately O^l-OxlO** cdls/well) were plated on poly- 
L-Qtnithine-coated (15 pg/M) glass coverslips in 24 well 
NudoQ (1.0 ml/wcU) culture dishes. After 24 hours in 
culture, the coverslips were transferred to 12 well (Costar) 
culture dishes containing complete medium containing 0 J% 
EBS. The medium was changed every 4-7 days. This 
differentiation procedure is refined to as the *lUpid Dif- 
ferentiation Paradigm** or RDF. 

Paradigm 2 — Differentiation of dissociated 
neurospheres 

Six to 8 days after the first passage, the neurospheres were 
removed and centrifuged at 400 tpjn. The EO^containing 
media was removed and the pellet was suspended in EGF- 
firee complete medium containing 1% FBS. The neuro- 
spheres were mechanically dissociated into single cells with 
a iire-polished Pasteur pipette and centrifuged at SOO rp jq. 
for 5 minutes. Between 0.5x10* and 1.0x10* cells were 
plated on poly-L-omithine-coated (15 ^g/ml) g;iass cover- 
sUps in 24 well Nudon (1.0 ml/well) culture dishes. The 
'EGf-tccG culture medium containing 1% FBS was changed 
every 4-7 days. 

Paradigm 3 — Differentiation of sin^ neurospheres 

Neurospheres were washed free of EGF by serial transfers 
through changes of EGF-ficee mediom. A sii^ neurosphere 
was plated onto poly-L-omzthine-coated (15 MS^ml) glass 
coverslips in a 24-weIl plate. The culture noedium used was 
conq)lete medium with or without 1% FBS. The medium 
was changed every 4-7 days. 

Paradigm 4 — ^Differentiation of single dissociated 
n^irospheres 

Neurospheres were washed free of EGF by serial transfers 
through dianges of EGF-free medium. A single neurosphere 
was medianically dissociated in a 0.5 ml Eppendodf centri- 
fuge tube and all the cells were plated onto a 35 mm culture 
dish. Complete medium was used with or without 1% FBS. 

Paradigm 5 — ^Differentiation of neurospheres co- 
cultured with striatal astrocytes 

Neuro^heres, derived from striatal cells as described in 
Exan^le 1 were labeled with 5-bfomodeoxyuridine (BrdU) 
and washed free of EOT". An astrocyte feeder layer was 
generated from striatal tissue of postnatal mice (0-24 hours), 
and plated on poly-L-omithine-coated glass coversl^s in a 
24-well culture dish. When the astrocytes were confluent^ a 
dissociated or intact neurosphere was placed on eadi astro- 
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cyte bed. Complete medium was changed after the fbst 24 
hours and then every forty-eigjit hours. When differentiated 
on an astrocyte feeder layer, in addition to GABAergic and 
substance P-ergic neurons, somatostatin, NPY« gliitamate 
5 and methenkephalin-containing neurons were present. 

EXAMPLE 8; Effect of Growth Factors on 
Neurosphere Differentiation 

The effects of CNTF, FC2F-2, BDNF, and retinoic acid on 
neurosphere differentiation were tested using the differcn- 
dation paradigms set forth in Exan^le 7. 

CNTF 

j5 The effect of CNTF was assayed in paradigms 1 and 3. 
For both paradigms, CNTF was added either at the b^in- 
ning of die experiment at a concentration of 10 ng^ml or 
daily at a concentration of 1 ng/mL In paradigm 1, the 
addition of CNTF increased the number of NSE- 

2Q immunoreactive ceUs in addition to the number of tau-1- 
immunoreactive ceils, suggesting that CNTF has an effect on 
the proliferation, survival, or differentiation of neurons. 
Preliminary testing with antibodies recognizing the neu- 
rotransmitters GABA and substance P suggest lhat tfaae is 

25 no increase in the number of cdls containing tiiese proteins. 
This suggests that a different neuronal phenotype is being 
produced. 

Three different antibodies directed against 04, galacto- 
cerefaroside (GalC) and MBP were used to smdy the effect 

30 of CNTF on the oligodendrocytes <^ paradigm 1. CNTF had 
no effect on the number of 04(+) cells, but there was an 
increase in fee numba: of GalC(+) and MBP(+) cells com- 
pared with the controL Thus it aqppcars that CNTF plays a 
role in the maturation of oligodendrocytes. 

35 In one expeciment^ the neurospheres were differentiated 
as outlined in paradigm 1 except that serum was never added 
to the culture medium. While the effect of CNTF on neurons 
and oligodendrocytes was not as iqpparent as in fee presence 
of scnnn, there was an increase in fee proliferation of flat, 

40 protoplasmic astrocytes. Hence, CNTF will affect astrocyte 
diffmntiation in various culture conditions. 

In paradigm 3, the addition of CNTF resulted in an 
increase in fee number of NSE(4) cells. 

45 BDNF 

The ^ect of BDNF was tested using Paradigm 3. There 
was an increase in the number of NSE(+) neurons per 
neurosphere. Additionally, feere was an increase in fee 
neuronal branching and the migration of fee noirons away 
from fee sphere. 

FGF-2 

The effect of FGF-2 was tested using paradigms 2 and 4. 

55 In paradigm 2, 20 ng^ml of FGF-2 was added at fee 
beginning of the experiment and cells were stained 7 days 
later. FGF-2 increased fee number of GFAP(+) cells and fee 
number of NSE(+> cells. This suggests that FGF-2 has a 
proliferative or survival effect on fee neurons and astrocytes. 

60 In paradigm 4, 20 ng/ml of FGF-2 was added at fee 
beginning of fee experiment and assayed 7-10 days latec 
FGF-2 induced fee proliferation of neural stem cell progeny 
generated by fee EGF-respdnsive stem celL It induced two 
different ceU types to divide, neur<^lasts and bipotential 

65 progenitor cells. The neuroblast produced, on average, 6 
neurons while fee bipotential ceU produced £q)proximately 6 
neurons and a number of astrocytes. 
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In previous studies, it was found that when plated at low transfarcd sphere. By 30 DTV, a large number of cells had 
density (25O0 cells/cm^, addition of EGF up to 7 days in been generated from the original sphere and had migrated at 
vitro (DIV) could initiate proliferation of the stem cell, but a similar rate from the center producing a concentric drcle 
not if applied after 7 DIV. Striatal cells (E14, 2500 cell/cm^) of associated cells. At the peri^iery, the majority of the cells 
wore plated in the absence or presence of 20 ngM of FGF-2. 5 were one ccU layer thick while closer to the center there 
After 11 DIV, cultures were washed and medium containing were denser regions of cdls. 

20 ng^ml of EGF was added. After 4-5 DIV, In cultures tiiat Forebrain regions fixmx eight week old tissue produced no 
were primed with FGF-2, greater than 70% of the weUs spheres, while spheres were obswred from hindbrain tissue 
examined contained clusters of proliferating cdls that, in two of the four eight week old samples. For the nine week 
developed into colonies with the morphologic and antigenic 10 old fetuses, spheres were generated from forebrain region in 
properties of the BGF-generated cells. Cultures that had not two of the four san^les and in two of the three hindbrain 
been primed with FGF-2 showed no EGF-responsive pro- regions which were received. The twelve week old fetus 
lifearation. These findings suggest that the EGF-responsive contained only hindbrain tissue and spheres were produced, 
stem ceUs possess FGF-2 receptors tiiat regulate its long Spheres generated from primary culture or pass 1 spheres 
term survivaL 15 removed from the tissue culture flask, without inducing 

_ . . . , differentiation, and plated onto poly-L-omithine coated 

glass coverslips in DMEM/F- 12/HM medium for two hours 

Tiie effect of retinoic add at lO^^M was tested using to allow the spheres to attach to the substrate. Coveisl^s 
paradigm 1. There was an increase in the number of NSE(+) were removed and processed for indirect immunohis- 
andtau-l(+) cells, suggestingthatretinoic add inaeases the ^ tochemistry. Immunostaining with antibodies directed 
number of neurons. against neurofilaments (168 kOa) or GFAP did not identify 

any immunmactive (IR) cells. However, ncady all of the 
EXAMPLE 9: I^liferaticMi of Embryonic Human cells wctc immunoreactive with an antibody that recognizes 

Neural Stem Cells and Differentiation of the Neural huiAan ncstin. 

Stem CeU Progeny 25 .^^^ ^ ^ ^^^^ poly-L- 

Wth approvnX of the Research Ethical Conmiittee at the ornithine coated substrate, cells were fixed and fffocessed for 
University of Lund and the Ethics Committee at the Uni- indirect inununocytodiemical analysis with antibodies 
vcrsity (^Calgary, nine 8-12 week old human fetuses were directed against: MAP-2, Tau-1, neurofilament 168 kDA, 
obtained by suction abortions. Tissue was dissected and any ^ GABA, substance P (neuronal markers); OTAP (astrocyte 
identifiable brain regions were removed, Wthin 4-5 days marker); 04 and MB? (oligodendrocyte markers). Numcr- 
post-disscction, tissue pieces were mechanically dissociated ous MAP-2 and Tau-l-IR cell bodies and processes were 
into single cells using die procedure of Example 1 and the identified in addition to a large number of Tku-l-IR fibers, 
number ofviable cells was counted. Ab<Mit0.1xlO*-0.5xlO* While there was no indication of substance P 
cells were plated in 35 cm^ tissue culture flasks (without 35 immnnoreactivity,GABA-IR cell bodies with long branched 
substrate prctreatment) in Coiriilete Medium with 20 ngtel processes were seen. Neurofilament-IR cdls were strongly 
of human recombinant EGF (Gibco/BRL). IR for GFAP. 04-IR cells with an 0-2A morphology and an 

TWO to three days after plating the cells, the majority of oligodendrocyte morphology were present MBP-IR (found 
tiie viaWe cells had extended processes and had taken on a on digodendrocytK) was also seen throughout the cultures, 
neuronal moiptioloer. By seven days in vtoo (DIV) the 40 EXAMPLE 10: Prolif^ation of Adult Monkey 
neurona^-hke cdls began to die and by 14 DIV nearly aU of ^ Differentiation of 

these cells were dead or dymg(detcmuned by the absence the Neural Stem CeU Progeny 

of processes, inegular membranes and granular cytoplasm). 

A few of the cells (1%) did not extend any processes ct The coaus mednlaris was removed firom an aduU male 
flatten nor did they tsdce on an astrocytic morphology, 45 monki^ (Rhesus) and hand cat with scissors into 1-mm 
instead these cells reanained rounded and by 5 to 7 DIV sections and transferred into artificial cerefaroqiinal fluid 
began to divide. By 10 to 14 DIV, small clusters of cells, (aCSF) containing 124 mM NaQ, S mM KQ, 13 mM 
attached to the substrate, were identified. During die next? MgQj, 2 mM CaQir 26 mM NaHCOg, and 10 mM 
to 10 days (17 to 24 DIV), these small clusters continued to D-glucose (pH 735, approx. 280 mOsmol), aerated with 
grow in size and many remained attached to the substrate. 50 95% 02-5% CO2 at room temperature. After 15 min, the 
By 28 to 30 DIV, neady all the proliferating clusters had tissue sections were transferred to a spinner flask (BeUco 
lifted off the substrate and were floating in suspension. Glass) with a magnetic stirrer filled with low-Ca^ aCSF 
While floating in suspension, the clusters continued to grow containing 124 mM NaQ, 5 mM KQ, 32 mM MgO^? 0.1 
in size and were passaged after ttiey had been in cuUure f<a: mM CaCli, 26 mM NaHCOj, and 10 mM D-glucosc (pH 
30 to 40 days using the procedure descrilied in Example 6. 55 735, i5)prox, 280 mOsmol), aerated with 95% 02-5% CO2 
EGF-responsive cells began to prolifarate after a few DIV at 32° to 35'' C, containing 133 mg^ml of t^rpsin (9000 
and formed floating spheres that were passaged a second BAEE units/mg), 0.67 mg^ml of hyaluronidase (2000 units/ 
time after 30 to 40 DIV. mg) and 0.2 mg/ml of kynurenic acid. After 90 min, tissue 

Thirty to 60 days after passage two or three, 2-3 ml sections were transfrared to normal aCSF for 5 min prior to 
aliquots containing media and pass 2 spheres were taken 60 trituration. Tissue was transferred to DMEM/F-12 (1:1, 
from the tissue culture flasks and plated onto 35 mm culture Gibco) medium.containing 0.7 mg/ml ovomucoid (Sigma) 
dish. Single spheres were placed onto poly-L-omithine and triturated mechanically with a fire-nairowed pasteur 
coated glass coverslips in DMEM/F- 12/HM medium con- pipet 

taining EGF. Spheres hnmediately attached to the substrate CeUs were plated (1000 viable ceUs per plate) in non- 
and within the first 24-48 hours cells begin to migrate fix)m 65 coated 35 mm culture dishes (Costar) containing Complete 
the sphere. At 14 DIV cells continued to proliferate and Medium and 20 ng/ml EGF (human recombinant from 
migrate resulting in an increase in the diameter of flie Gibco/BRL). After 7 to 10 days in culture, floating spheres 
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wac transfeircd with wide-bore pipets onto laminin (15 
pg^iiilXSigiiia)-coated glass coverslips in 24-weIl culture 
dishes. E^@20 ng^il was added to the medium. Spheres 
attached to the substrate and cells within the sphere contin- 
ued to proliferate. After 14 to 21 days in vitro (DIV), the 
cells were probed by indirect izmnunocytochemistiy for ttie 
presence of neuron^ astrocytes and oligodendrocytes. All 
three cdH types were identified. 

EXAMPLE 11: Proliferation of Adult Human 
Neural Stem Cells and Differentiation of the Neural 
Stem Cell Progeny 

Duxiog a routine biopsy, nonual tissue was obtained from 
a 65 year old female patient. The biopsy site was the right 
frontal lobe, 6 mm from the tq> of tiie frontal/anterior horn 
of the lateral ventricle. The tissue was dissociated asing the 
procedure outlined in Exan:q>le 2 and cultured in Complete 
Medium with EOT and FGF-2 (20 ng^ml of each growth 
hoimone), in T25 flasks (Nundon). Hie flasks woe examr 
ined every 2-3 days for neurosphere formation, Clonally- 
derived cells were passaged using single sphere dissociation: 
singilc neurospheres were triturated lOOx in sterile aliquot 
tubes containing 200 pi of the media;hormone/EO''-FGF-2 
solution before culturing in 24- or 96-well plates. Fhrst- 
passage neurospheres were plated on poly-ondthine and 
laminin coated cov^^lips and allowed to plate down for 14 
days in media/hoimonc/EGF4-FGF-2. Some fiist passage 
neurospheres were plated on laminin (20 ^gAnl) and poly- 
cmitfaine coated cov€fsl^)s in media/hormone mix for 19 
hours, then processed for nestin staining as outlined in 
Example 7. Ne^ staining indicated diat the neurospheres, 
prior to the induction of differentiation (as described below) 
were nestin positive, indicative of the presence of immature 
undifferentiated cells. 

Pass one human neurospheres were plated on a laminin 
coated substrate (see above). After 14 days, the cultures 
received a media change to media/hormone mix plus 1% 
FBS and were allowed to differentiate for 7 days. Immuno- 
cytochemical analysis was then performed to determine 
different neural phenotypes. The differentiated cells were 
fixed wifli 4% paraformaldehyde in PBS for 20 minutes. The 
coverslips w^e washed three times (five minutes each) in 
PBS. For triple label immunocytochemistry, Uie cells were 
pcnneahOized for 5 minutes in 03% TRITONO-X in PBS 
followed by 2 washes with FBS. A first set of pnmary 
antibodies, MAP-2 (mouse monoclonal, 1:1000, Boerfainger 
Mannheim) and GFAP (Rabbit polyclonal, 1300,BTr),used 
to determine the presence of neurons and astrocytes 
respectively, were mixed In 10% normal goat senun in PBS. 
The cells were incubated at 37* C f or 2 hours and then 
washed 3 times in PBS. A first set of secondary antibodies, 
goat anti-mouse ihodamine (Jackson Immuno Research) and 
goat anti-rabbit FTTC QgQ, 1:100 Jackson Inmiuno 
Research) were mixed in PBS. The cells woe incubated for 
30 minutes at 37** C. and then rinsed three times with PBS. 
The second primary antibody, 04 (mouse monoclonal IgMt 
1:100) for oligodendrocytes, was mixed in 10% normal goat 
senun in PBS. The cells wctc incubated for 2 hours at 37° 
C. The second srt of secondary goat anti-mouse AMCA IgM 
(1:100 Jackson Mmuno Research) was mixed in PBS and 
cells were incubated for 30 minutes at 37** C. The cells were 
then rinsed twice in PBS and then in double distilled water 
before mounting with Fluorosave. 

EXAMPLE 12: Screening f<x the tikB Reccpt<K' on 
Neural Stem Cell ftogeny 

The expression of the trkfamily of neurotrophin receptors 
in EGF-gcnerated neurospheres was examined by northem 
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blot analysis. Total mRKA was isolated from mouse and rat 
striatal sGF-generated neurospheres. Both rat and mouse 
neurospheres expressed high levels of tikB receptor mRNA, 
but did not express trie nor tike mRNA. In preliminaiy 

s experiments, single EGF-generated mouse neurospheres 
were plated on poly-L-cmitfaine coated g^s coversips and 
cultured in the absence or presence of lOhg/ml of BDNF. 
When examined after 14-2S days in vitro, neurospheres 
plated In the presence of BDNF contained NS£(+) cells with 

10 extensive and highly branched processes; weU-developed 
NSE(+) cells were not observed in the absence of BDNF. 
Activation of the trkB recq)tor on ECH^-generated neuro- 
spheres may enhance dijQferentiaiion, survival of and/<»: 
nenrite outgrowth from newly generated neurons. 

15 

EXAMPLE 13: Screening for the GAP-43 
Membrane Pho^hoproteitt on Neural Stem Cell 
Progeny 

Growth-associated protein (GAP-43) is a nervous system- 
spedfic membrane phosphoprotein which is down^gulated 
during developmenL Originally, GAP-43 was though to be 
neuron-spedfic, however, recent r^orts indicate tlrat this 
protein may be at least transiendy expressed during devd- 
opment in some astrocytes, oligodendrocytes and in 
Schwann cells. At present, the role of GAP-43 in macroglia 
is not known. The transient expression of GAP-43 in glial 
cells generated from the EGF-responsive stem cells derived 
from embryonic and adult murine striatum was investigated. 
Glial cell (astrocyte and oligodendrocyte) differentiati(m 
was induced by plating neural stem cell progeny in a 
medium containing 1% FBS with no EGF. The cells were 
then probed with specific antibodies for GAP-43atestin, 
GFAP, 04, and GalC. In order to identify cells expressing 
GAP-43,the antibodies wm pooled in various combinations 
using dual-labd inmuihoflucnescence methods. 

During the first two days post plating, there was a low to 
moderate level of GAP43 expression in almost all cells (flat, 
bipolar and stellate), but by 3-4 days post-plating, the level 

^ of GAP-43 eT^ression t)ecame restricted to the b^Kilar and 
stellate cells. At 4 days the majority of GAP-43-expressing 
ceUs co-labeUed with the oligodendrocyte markeis CM> and 
GalC although GPAB and GAP-43 was coex|H-essed in a 
nimiber of cells. At one week post-plating however, essen- 

45 tially aU of the GFAP-cxpressing astrocytes no longer 
expressed GAP-43 while the majority of the 04 and GalC- 
expressing cells continued to express GAP-43. At 7-10 
days, these oligodendrocytes began to express MBP and lose 
the expression of GAP-43. The EGF-responsive stem cells 

^ may represent a useful model system for die study of the role 
of GAP-43 in glial and neuronal devdcpment 

EXAMPLE 14: Treatment of Neurodegenerative 
Disease Using Progeny of Human Neural Stem 
C:ells Proliferated In Wro 

Cells are obtained from ventral mesencephalic tissue from 
a human fetus aged S weeks following routine suction 
abortion which is collected into a sterile collection appara- 
tus. A 2x4x1 mm piece of tissue is dissected and dissociated 

60 as in Example 1. Neural stem ceUs are then proliferated as 
in Exan^le 4. Neural stem cell progeny arc used for 
neurotransplantatiou into a blood-group matched host with a 
neurodegenerative disease. Surgery is performed using a 
BRW confuted tomographic (CT) stereotaxic guide. The 

65 patient is given local anesthesia suppiemencca with intra- 
venously administered imdazolam. The patient undergoes 
CT scanning to establish the coordinates of the region to 
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leccive the transplant The injection cannula consists of a Because the myelin deficient rat spinal cord is almost 

17-gauge stainless ste^ outer cannula -with a 19-gauge inner completely devoid of myelin, n^din formed at or near the 

stylet This is inserted into the brain to the correct site of injection is derived from the inq)lanled cells. It is 

coordinates, then removed and replaced with a 19-gauge possible that the process of injection will aUow for the entry 

infusion cannula that has been preloaded with 30 pi of tissue s of Sdiwann cells (myelinating cells of the FNS) into die 

suspension. The cells are slowly infused at a rate of 3 pl/rain spinal cord. These cells are capable of forming myelin 

as the cannula is withdrawn. Multiple stereotactic needle within the CNS but can be easily distinguished ficom oHgo- 

passes are made throughout tiie area of interest approxi- dendrocytes using either light microscopy or immunocy- 

matdy 4 mm {5)art The patient is examined by CT scan todiemistcy for CNS myelin elements. There is usually a 

postoperatively for hemorrhage oc edema. Neurological lo very small amount of CNS myelin within the myelin defi- . 

evaluations are performed at various post-operative cient rat spinal cord. This myelin can be distinguished from 

intervals* as weE as FCT scans to determine metabolic normal donor myelin based on the mutation wiOiin the gene 

activity of the implanted cells. ' for the major CNS myelin lutein, proteol^idprotcin (PLP). 

EXAMPLE 15: Remyelinatioa of Mydin Deficient ^elin deficient rat mydin is not immunoreactive for 

Rats Using Neural Stem CeU Ptogcny ftolifcrated while the donor myelin is. 

^ EXAMPLE 16: Remyclination in Human 

Embryonic day 15 (E15) Sprague Dawlcy rats and Neuromyditis Optica 

E14-15 mice were obtained and the neural tissue was . , . , 

prepared using the methods described in Example I. The „ ^ Nei^oinyehtis optica is a coupon ^'5^^^ 

were suspended in Conqdete Medium with 16-20 ton of pnnapaUy the spnal ^ 

ng/ml EC3F (pi^^ed from mou^ suhmaxiUary, CoUabora- "«"^y 50% of the <^es death occurs wilhin 

tive Research) orTCSFa (hmnan recombinant, Gibco).'nie months.Th^^aityof demyehnationaswdlasle^^ 

cells were seeded in a TO culture flask and housed in an confirmed by magnetic resonance imagmg (MRI). 

incubatOT at 37** C, 100% humidity, 95% ait^5% COj and ^ Ncaral stem cell iM-<^eny are prqjared tcom fetal human 

proliferated usingthe suspension culture method of Exanq)le tissue by the methods of Exan:q)le 9 or 14. Cdls are 

4. Cells proliferated within 3-4 days and, due to lack of stereotactically injected into the white matter of the spinal 

substrate, lifted off the floor of fee flask and continued to c^d in the vidnily of plaques as visualized by MRL Cdls 

prolif oate in suspension forming jieurospheres. ^re also injected around the optic nerve as necessary. 

After 6-8 days in vitro (DW) the neurospheres were 30 Booster injections may be performed as required, 

removed, centrifuged at 400 tp on. for 2r-5 minutes, and the EXAMPLE 17: Remyclination in Human 

peUet riuxhanicaliy dissodaled into individual cdls with a Pdizaeuj^Merzbadier Disease 
firc-polished glass pasteur pipet. Cells were replated m the 

growth medium wherc prolifoation of the stem cells and Pelizaeus-Merzbacher disease is a condition involving 

foonaticHi of new neurosj^eres was reinitiated. 35 demydination of die CNS. The severity of demydination as 

Litters of first day postnatal myelin deficient rats were well as lesion sites can be confirmed by magnetic resonance 

anesthetized using ice to produce hypothermia. Myelin imaging (MRI). 

defidency is an X-linked trait and thus only one half of the Neural stem cell progeny are prepared from fetal human 

males in any Htter are affected. Therefore, only the males tissue by die methods of Examples 9 or 14. Cells are 

were used for these studies. Once anesthetized, a small 40 stereotactically injected into the white matter of the spinal 

rostral to caudal incision was made at the level of die lumbar cord in the vicinity of plaques as visualized by MRI Cells 

enlargement. The miisde and connective tissue was are also injected around the optic nerve as necessary, 

removed to expose die vertebral laminae. Using a fine rat Booster injections may be performed as required, 

tooth forceps, one lamina at the kmbar enlargement was ™ „ ^ ^. ^ 

removedandasmallcotismadeintiieduramatertoexpose 45 EXAMPLE 18: GendicMtod^ 

the spinal cord. Stem Cdl ftogeny 

A stereotaxic device holding a glass pipet was used to Cells proliferated as in Examples 3 or 4 are transfected 

inject a 1 pi aliquot of the cell suspension (approximately widi expression vectors cohtairung die g^es for die FCjF-2 

50,000 cells/Ml) described above. The suspension is slowly receptor or the NGF receptor. Vector DNA containing the 

injected into a single site (although more could be done) in 50 genes are diluted in O.lX TE (1 mM Tris pH 8.0, 0.1 mM 

the dorsal columns of the spinai cord. As controb, some of EDTA) to a concentradon of 40 ^g^mL 22 pi of the DNA is 

the animals were shamrinjected with sterile saUne. The addedto250^1of 2XHBS(280mMNaCl, lOmMKO, 1.5 

animals were marked by cliH>ing dther toes or ears to mM Na2HP04.2H20, 12 mM dextrose, 50 mM HEPES) in 

distingoi^ between both experimental groups. Following a disposable, sterile 5 ml plastic tube. 31 pi of 2M Ca02 is 

injection of die cell suspension, the wound was dosed using ss added slowly and the mixture is incubated for 30 minutes at 

sutures or stainless sted woimd clips and the aninials were room temperature. During this 30 minute incubation, the 

revived by warming on a surgical heating pad and then cdls are centrifuged at 800 g for 5 minutes at 4^^ C. The cdls 

returned to their mother. are resuspended in 20 volumes of ice-cold PBS and divided 

The animals were allowed to survive for two weeks into aliquots of 1x10^ cdls, whidi are again centrifuged. 
post-injection and were then dcq)ly anesthetized widi nran- 60 Eadi aliquot of cells is resuspended in 1 ml of die DNA- 
butal (150 mg^) and perfused tiuougji the left ventride. CaClj suspension, and incubated for 20 minutes at room 
The spinal cards were removed and the tissue examined by temperature. The cells are then diluted in growdi medium 
light and electron microscopy. Patches of myelin were found and incubated for 6-24 hours at 37° C in 5 CO^. The 
in the dorsal columns of the redpients of both rat and mouse cells are again centrifuged, washed in PBS and returned to 
ccUs, indicating that neural stem cells isolated from rat and 65 10 ml of growth medium for 48 hours- 
mouse neural tissue can differentiate into oligodendrog^ The transfected neural stem cell progeny are transplanted 
and arc capable of myelination in vivo. into a human patient using the procedure described in 
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Exaixq)le 14, or are nsed for drug screening procedures as firmly to the glass, and the cells slow or stop dividing and 

described in the examples below. begin to differentiate. 

xT^*,™«iA.^ ^ ^* rvT 1 Thcidentificationof various cell types was accomplished 

^^^5?^^^* Gen^c Modjficauon of Neural using immunofluorescence microscoSTwith antibodiTsp^ 
Stem Cdl Progeny With a I^trowus Contaming 5 ^/^^ ^^^^ ^^.3, NF-L, and NI^M), astrocjJtcs 

the Bactenal B-Galactosidase Gene ^^^^ oligodendrocytes and oligodendrocyte prccur- 

Neural stem cdl progeny were propagated as described in sors (A2B5, Oi. O4, Gal C and MBP), One to 14 days 
Exan^le 4. A large pass-1 flask of neurospheres (4-5 days post-plating, flie cells on the covetslq)S were incubated 
old) was shaken to dislodge the spheres from the flask. The unfixed, for 30 minutes at room ten^)erature with the pd- 
flask was spun at 400 r.p jn. for 3-5 minutes. About half of ^0 mary antibodies 01, 04, GalC and A2B5 (supeamatants) 
the n^dia was removed without disturbing the n^ospheres. diluted in mimmal essential medium with 5% normal goat 
The spheres and die remaining media woe removed, placed serum and 25 mM HEPES bufi'er, pH 73 (MEM-HEPES, 
into a Falcon 12 ml centrifuge tube, and spun at 600 r.p.m. NGS). Following the primary antibodies, die covcrslq)S 
for 3-5 minutes. The remaining medium was removed, were gently washed 5 times in rhodamine-conjugated sec- 
leaving a few hundred microliters. ondary antibodies (Sigma) diluted in MBM-HIS^BS, NGS. 

A retrovirus which contained the bacterial The covetsUps were then washed 5 times in MEM-HEPES 

B-galactosidase gene was packaged and secreted, in a alcohol (5% glacial acetic acid/95% 

repUcation-defidcnt feshion, by the CRE BAG2 cell line cthanol) at 20*C. Tlic coverslq)s were then washed 5 times 

produced by C. Cq)ko. A day after die CRE cells reached with MEM-HEffiS, and eitto: mounted and examined using 
confluence, the cells were washed with PBS and die retro- ^ fluorescence microscopy or immmunorcacted with rabbit 

virus was collected in DMEMZF12/HM/20 ng/ml EOF for polyclonal antisera raised against CTAP, nestin, MBP, or 

four days. The virus-containing media was filtered dirough proteoUpidprotdn (PLP). When subjected to a second round 

a 0.45 Mm syringe filter. The neurosjAcrcs wae resuspendcd <^ immunolabding, the coverslips were incubated first for 1 

in the virus-containing media, transferred to a large flask, with 5% normal goat serum (NGS) in O.IM phosphate 
and left in an incubator ovcmi^t at 37*»C. The next day, the " buffer with 0.9% NaQ at pH 7.4 (PBS) and flicn incubated 

contents of the flask were transferred to a 12 ml centrifuge inrabbitprimary antibodies diluted in NGS for 1-2 hours at 

mbe and spun at 800 r.p.m. The ccHs were resuspended in temperature. The covCTsiips were washed 3 times with 

EOT-containing media/HM, dissociated into single cells, and then incubated with the a^Jropriate secondary 

and counted. The cdls were rcplated in a large flask at antibody conjugates diluted in NGS, washed again widi PBS 

50 000 cdlsAnl in a total of 20 mis. ^ mounted on glass microscope sHdes with 

Four days later, transformed cells were selected with Otifluorantifadentmountmg medium and ^ 

G418 at a concentration of 300 Mg/mL Transfomied spheres ^"^.^^^ ^"^"^^^ "^i^ ^""^ . .T" 

were plated on a pdy-omithine^atcd glass coversUp in a bated first with fte monodonal antibody supcmatants, the 

24.well plate. AfTdie neurospheres a^ed to the plate, 35 f w w SJ^c 

the ceUs were fixed with 0.1% ^utaraidehyd^ ^^^nSS.^ ^^^^T^'^^ ^ 

at 4» C. After the cdls wcrTfixed, ttey were washed c^f^^^cT ^^am with PBS and incubated 

twice-withPBS for 10 minutes. Tlie cdls were then washed widi5%NGSmraStolhoi^^ 

with 0.1% TKTON® in PBS for 10-15 mimites at room '^^^ ^^^^ conm^cs were applied as outhned 

temperature. A 1 m^ml X-Gal solution was added to each 40 ^ ^* 

well and incubated overnight at 37** C Afla incubation The neural stem cdls derived from the transgenic animals 

ovend^t, die cdls were washed three times with PBS for 10 ^^re indistinguishable fi:ain non transgenic stem cdls in 

minutes each and observed for any reaction products. A potential for diffierentiation into neurons, astrocytes, 

positive reaction resulted in a blue coloff, indicating cells oligodendrocytes. The MBP promoter directed the 

containing the transferred gene. ^ expression of the B-galactosidase reporter gene in a cdl- 

specific and devdopmentally appropriate fashion. The trans- 

EXAMPLE 20: E^liferalion of Neural Stem Cdls gene e:qression is highly stable as oligodendrocytes derived 

firom Transgenic Mice from late passage MBP-lacZ neurospheres (20 passages), 

Transgenic niicc were pro<taccd using standard pro- frgalactoridasc gene. Thus, tamsgemcally 

naclear ikjicdon of the MBP-lacZ chimeric gene, in wWch 50 "^r^'lf^' '^,'^^1 """^ 

(he proiniter for MBP directs the expression of E coU ^ transpUntanon. 

B-galaetosidase CUcZ). TVaiisgenic adnmls w« identified EXAMPLE 21: Genetic Modification of Neural 

IV PGR using oLgonudeotidcs spcalic for lacZ. Stem CeU Progeny Using Calcium Phosphate 

Neurospheres were prepared from E15 transgenic mice Transfection 

and DNA negative littematcs using the procedures set forth ss 

in Example 4. The neurospheres were propagated in the Neural stem cell progeny are propagated as described in 

defined culture medium in the jpresence of 20 ngAnlEGF and Example 4. The cells are then infected using a caldum 

were passaged weekly for 35 weeks. For passaging^ tiie phosphate transfection technique. For standard caldum 

neurospheres were harvested, gently centiifugcd at 800 phosphate transfection, tiie cdls are mechanically dissoci- 

RPM, and mechanically dissodated by trituration with a 60 into a single cdl suspension and plated on tissue 

fire-polished Pasteur pipcL At various passages, the cdls culture-treated dishes at 50% confluence (50*000-75,000 

were induced to differentiate into oligodendrocytes, cdls/cm^) and allowed to attach overnight 

astrocytes, and neurons by altering the culture conditions. Tlie modified caldum phosphate transfection procedure is 

The free-floating stem cell clusters were gently centrifuged, performed as follows: DNA (15-25 pg) in sterile TE buffer 

resuspended in the same base defined medium without EGF 65 ^0 mMTris, 0.25 inMEIHA,pH 7.5) diluted to 440 pi with 

andwidi 1%FBS and plated on poly omithine-treated glass TE, and 60 jd of 2M CaQj to 5.8 with IM HEPES 

coverslips to promote cdl attadunent. The dusters attach buffer) is added to the DNA/TE buffer. A total of 500 pi of 
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2xHeBS (HEPES-Buffered saline; 275 mM NaCL 10 mM 
KO, 1.4 mM NajHPO^, 12 mM dextrose, 40 mM HEPES 
buffer powder, pH 6.92) is added dropwise to this mix. The 
mixtuie is allowed to stand at room tempexatore for 20 
minutes. The cells are washed briefly with IxHeBS and 1 ml 
of the calcium phosphate precipitated DNA solution is added 
to each plate, and the ceUs aie incubated at 37° for 20 
minatcs. Following this incubation, 10 mis of complete 
medium is added to the cells, and the plates are placed in an 
incubatcff (37* C, 9.5% COj) for an additional 3-6 hours. 
The DNA and tiie medium are removed by aspiration at the 
end of the incubation pedod, and the cells are washed 3 
times with complete growth medium and then returned to 
tiie incubator. 

EXAMPLE 22: GeneticaUy Modified Neural Stem 
Cell R-ogeny Expressing NGF 

Using either the recombinant retrovirus or direct DNA 
transfection technique, a chimeric gene con^osed of die 
human CMV promoter directing the expression of the rat 
NGF gene is intxoduced into the neurosphere cells. In 
addition, the vector includes the E, coU neomycin resistance 
gene driven off of a viral promoter. After 2 weeks of G418 
selection, the cells are cloned using Uzniting dilution in 
96-multi-weU i^ates and the resulting clones are assayed f<^ 
neurotrophin protein expression using a neurotrophin recep- 
tor (tik family) autophosphoiylation bioassay. 

Qones expressing hig^ levds of NGF are expanded in 
T-flasks pdo£ to differentiation. The cells are then removed 
from the EGF-containing complete medium and treated widi 
a combination of serum and a coddail of growth factors to 
induce astrocyte differentiation. The astrocytes are again 
assayed foe NGF expression to ensure that the differentiated 
cells continue to express ^e trophic factors. Astrocytes that 
seacte N(H^ arc then injected into fimhria/fomix lesioned 
rat brains immediately post-lesioning in order to protect the 
cholinergic neurons. Control astrocytes that do not secrete 
NGF are injected into similarly lesioned animals. The spar- 
ing of diolinergic neurons in the lesion model is assessed 
using immunocytochemistiy for ChAT^ the marker for tiiese 
cholinergic neurons. 

EXAMPLE 23: Genetically Modified Neural Stem 
Cell Progeny Expressing CGAT 

Recently, a . novel chromaffin granule amine transporter 
(CGAT) cDNA has been described by Liu et aL {CelL 
70:539-551 (1992)), which affords resistance to fee neuro- 
toxin MPP+ in Chinese hamster ovary (CHO) cells in vitro. 
Because dopaminergic neurons from ^e substantia nigra are 
specifically killed by MPP+, CGAT gene expression in 
genetically modified neural stem cell progeny may improve 
viability of the cells after they are inq^lanted into the 
Faxklnsonian brain. Neural stem ccU progeny are propagated 
as in Exan^le 4. The cells are mechanically dissociated and 
plated on plastic dishes and infected with a retrovirus 
containing the CGAT cDNA. The expression of the CGAT 
cDNA (liu et aL supra) is directed by a constitutive pro- 
moter (CMV or SV40, ox a retroviral LTR) ot a cell-specific 
promoter (TH or other dopaminergic or catecholaminagic 
cell-specific regulatory element or fee Uke). The cells are 
screened for fee expression of fee CGAT protein. Selected 
cells can feen be differentiated in vitro using a growfe factor 
or a combination of growfe factors to produce dopaminergic 
or predopaminergic neurons. 

EXAMPLE 24: 3H-Thymidine KiU Studies Identify 
Presence of Constitutively PtoHfaating Population 
of Neural Cells in Sub^endymal Region 
Adult male CDl mice received a series of intr^>eiitoneal 
injections of 3H-feymidine (0.8 ml per injection, specific 
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activity 45-55 mCi/mmole, ICN Biomedical) on day 0 (3 
injections. 1 every 4 hours) in order to kill fee constitutively 
prdif crating subependymal cells. On day 0 J, 1, 2, 4, 6, 8 or 
12. animals received 2 BrdU injections 1 hour apait (see 
5 Example 25) and were sacrificed 0.5 hour after fee last 
injection. 

It was observed that 10% of fee cdls were proliferating on 
day 1 post-kill, and by 8 days fee number of proliferating 
cells had reached SS%, which was not statistically signifi- 
10 candy different from control values. Animals were sacrificed 
and the brains were removed and processed as described in 
Exanq>le 10. 

In a second group of animals, 3H-feymidine injections 
were given on day 0 (3 Injections, 1 every 4 hours), followed 
IS by an idwtical series of injections on day 2 or 4. Animals 
were allowed to survive for 8 days following the second 
series of injections (days 9, 10 and 12 respectively) at which 
tuiae feey received 2 injections of BrdU and wm sacrificed 
0.5 hours later. Animals were sacnficed and fee brains were 
20 removed and processed as described in Example 25. 

After the second series of injections on day 2 only 45% of 
fee proliferating population had returned relative to control 
values. This indicates feat fee second series of injections 
given on day 2 had killed fee stem cells as they were 
^ recruited to fee proHfecating mode. The second series of 
injections given on day 4 resulted in a return to control 
values by day 8 suggesting feat by this time, fee stem cells 
were no longer p'olif crating and hence were not killed by fee 
day 4 series of injections. 

^ EXAMPLE 25: BrdU Labeling Studies Identifv 
Presence of Constitutively Proliferating Population 
of Neinal Cefls in Subependymal Region 

Adult male CDl mice (25-30 g, Charles River) were 
35 injected intraperitoneaUy (ip.) wife bromodeoxyuridine 
(BrdU, Sigma, 65 mg/kg) every 2 hours for a total of 5 
injections in order to label all of fee constitotively prolifer- 
ating cells in fee subependyma lining fee lateral ventricles in 
fee forefarain. One monfe later, animals were sacrificed wife 
40 an overdose of sodium pentobarbital and transcardiaUy 
perfused using 4% parafcxmalddiyde. The brains were 
removed and post-fixed ovemig^ in 4% paraformaldehyde 
wife 20% sucrose. Brain sections were cut on a cryostat (30 
um) and collected in a washing buffer [O.IM phosphate 
45 buffered saline (PBS) pH 7.2 wife 1% normal horse senun 
and 03% TRTTON® XlOO}, Sections were incubated in IM 
HCl at 60" C f<M: 0.5 hours feen washed 3 times (10 minutes 
eadi) in washing buffer. Following fee final wash, sections 
were incubated in anti-BidU (Becton Dickinson, 1:25) for 
50 45 hours at 4^ C. After incubation in fee primary antibody, 
sections were washed 3 times and incubated for 1 hotnrs in 
biotinylated horse-anti-mouse secondary antibody Dimen- 
sion Lab, 1:50) at room temperature followed by anofecr 3 
washes. The sections were feen incubated for 1 hour in 
55 avidin conjugated FXTC (Dimension Lab, 1:50) at room 
ten^)erature and washed a final 3 times. Sections were 
mounted on gelatin coated slides, air-dried and coversn4}ped 
wife Fluoromount Slides were examined for BrdU positive 
ceUs using a NIKON fluorescent microscope. The number of 
60 BrdU positive cells was counted wife in fee subependyma 
surrounding fee lateral ventricles in 8^ sanq>les in sections 
between fee closing of fee corpus callosum rostrally and fee 
crossing of fee anterior commissure caudally. It was found 
feat 31 days following fee series of BrdU injections, 3% of. 
65 fee sub^ndymal cells were still labeled compared to 
control animals sacrificed immediately following fee series 
of injections (control 100%). 
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EXAMPLE 26: SH-Thymidine KOI Studies Identify 
Presence of Rclivcly Quiesceat Neural Stem Cells 
in Subependymal Region 

Adult male GDI mice were divided into 4 groups. Group 
A aniinals received a sedcs of SH-thymidine injections on 
day 0 (3 injections, 1 every 4 hours). Animals in groups B 
and C received a series of 3H-thymidine injections on day 0 
followed by a second series of injections on day 2 or 4. 
Group D animals received injections of physiological saline 
instead of 3H-thymidine over the same time course a s group 
A. Animals £rom all groups were sacrificed by cervical 
dislocatioii 16-20 hours following the last series of injec- 
tions. Brains wm removed and neural tissue obtained from 
the subependyma surrounding the lateral ventrides in the 
forehrain was dissociated and the neural cells cultured as 
described in Example 5. At 6 and 8 days in vitro, the total 
number of spheres was counted in each of the 35 mm wells. 

Control animals that received a series of saline injections 
formed the same number of spheres as animals that received 
3H-thymidine on day 0 (v^di kiUs the normally prolifer- 
ating subependymal cells). This indicates fliat the constitu- 
tively prolifiraating subq)en(tymal cells are not the source of 
stem cells isolated in vitro. Animals that received a second 
series of injections on day 2 fomied 45% the number of 
spheres (similar to the number of proliferating subependy- 
mal cells observed in vivo). When a second series of 
injections was done on day 4^ the number of spheres farmed 
in vitro was not significantly different firom control values, 
again coirelating with the in vivo findings. Taken together, 
diis data indicates that the mu]jty>oteat s{dieres, which are 
isolated in vitro in flie presence of EGF, are formed from the 
relatively quiescent stem cell population within the sub- 
ependyma in vivo. 

EXAMPLE 27: In Mvo Proliferation of Neural 
Stem Cells of Lateral Ventdde 

A replication incompetent retrovirus containing the 
P-galactosidase gent [as described in Walsh and Cq}ko, 
Science 241:1342, (1988)] was injected into the forebrain 40 
lateral ventrides of CDl adult male mice (25-30 g from 
Charles River). The injected retrovirus was harvested from 
the BAG cell line (ATCC CRI^9560) according to the 
mi^hod of Walsh and Cepko (supra). Mice were anesthetized 
using 65 mg/kg, ip. sodium pentobaiHtaL UnilateFal ster- 45 
eotactic injections of 0.2^1.0 of retrovirus were injected 
into the lateral ventride using a 1 )il Hamilton syringe. The 
coordinates for injection w«e AP+4.2 nnn anterior to 
lambda, L±0.7 ram, and DV-2.3 mm below dura, with the 
mouth bai at -2 mm below the interaural line. 

On the same day as, one day, or six days following the 
retrovirus injection, an infusion cannulae attadied to a 0.5 
pl/hour ALZET osmotic mini-pun^ filled with 33-330 
jig/ml of EGF were surgically implanted into the lateral 



fixed overnight with 20% sucrose in 2% buffered parafomi- 
aldehyde. Coronal slices were prepared with -20 Celsius 
cryostat sectioning at 30 pm SHces were developed for 
p-gal tustodiemistry as per Morshead and Van der Kooy 
5 (supra). 

Under these conditions, regardless of the day post retro- 
virus injection^ infusion of EGF resulted in an expansion of . 
the population of ^-gal labelled cells from an average of 20 
cells per brain up to an average of 150 cells per brain and the 
10 migration of these cells away from die lining of the lateral 
ventrides. Infusion of FO^-2 at 33 (igAnl resulted in an 
increase in the number of p-gal labelled ceUs, but this 
increase was not accompanied by any additional migration. 
Infusion of BjGP and FCjF togedier resulted in an even 
^5 greater expansion of the population of p-gal labelled cells 
from 20 cells per brain to an average of 350 cells per brain. 

These results indicate that FGF may be a survival factor 
for relatively quiescent stem cells in the subq)endyma layer, 
whereas ECSF may act as a survival factor for the normally 
dying progeny of the constitutivdy proliferating population. 
The synergistic increase in ^galactosidase cell number 
when EGF and FGF are infused togethn further reflects &e 
direct association between the relatively quiescent stem cell 
and the constitutively proliferating progenitor celL 

EXAMPLE 28: In \ivo Prolifaation of Neural 
Stem Cdls of the Third and Fourth Ventrides and 
the Central Canal 

A retroviral construct containing the ^galactosidase gene 
is ndaoinjected (as in Example 27) into the in ventricle of 
the diencq>halon, IV ventricle of the brain stem and central 
canal of the qdnal cord. Mfnipumps containing EGF and 
FGP are then used to continuously aHmimctw growth factors 
3^ for six days (as in Eitaioplc 27) into the same portion of the 
ventricular system tiiat &e retroviral constmct was admin- 
istered.. This produces an increase in the number of 
P-galactosidase producing cells which survive and migrate 
out into the tissue near the IE ventride, IV v^tricle and 
central canal of ttie spinal cord forming new neurons and 
glial 
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EXAMPLE 29: In Vivo Modification and 
Proliferation of Neural Stem Cells and 
Difiierentiation of Neural Stem Cell Hx)geny of the 
Lateral Ventride 



A retroviral construct containing the TH gene as well as 
the p-galactosidase gene is ihicroinjected into the adult 
lateral ventride as in Example 27. ^fini-pumps containing 
50 EGF, FGF, or EGF and FGF together are then used to 
continuously administer the growth factor(s) into the lateral 
ventride for 6 days as in Example 27. As the infected 
subependymal cells migrate out into the striatum they dif- 
ferentiate into neuronal cells that produce dopamine as 
ventrides at the identical stereotactic coOTdinates as stated 55 measured directly by immunofluorescence with an antibody 



and (from, a direct functional assay) by the ability to oycc- 
come the rotational bias produced by unilateral 
6-hydroxydopamine lesions. 



above. The infusion cannula kits were obtained from ALZA 
The infusion cannulae were cut to 2.7 mm bdow the 
pedestal The pun^s were secured to the mouse skull by use 
of acrylic cement and a skuH screw contralateral and caudal 
to the injection site. Tht osmotic mini-pump was situated 50 
sutKUtaneously under and behind the armpit of the left front 
paw and connected to the infusion cannula by the means of 
polyethylene tubing. 

Six days following initiation of EGF infusion the animals 
were sacrificed with an overdose of sodium pentobarbital 65 mL of a 10% solution) and placed in a stereotaxic apparatus. 
Mice were transcardially perfused with 2^ buffered The dorsal aspect of the skuU was exposed with a longim- 
paraformalddiyde, and the brains were excised and post dinal incision. C^annulas were inserted into the fourth ven- 



EXAMPLE 30: In Mvo Infusion of Growth Factors 
into Ventricles to Obtain Elevated Numbers of 
Neural Stem Cdb 

Adult male CD^ albino mice (30-35 g) from Charles 
River were anaesthetized widi sodium pentobarbital (0.40 
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tridc (stereotaxic coordinates A/P -7.0, L±0,3 DA''-5.8), 
cerebral aqueduct (A/P -4,8 L±DA^-2.6), or central canal 
p>/V-1.5).The cannulae were attached with sterile tubing to 
subcutaneous positioned AT .TFT osmotic mini-puirps con- 
taining 25 jig/noL EGF (Becton 40001) and/or 25 ugAnL 
FC5F-2 (R&D Systems 233 -FB). Pwaps containing sterile 
saline plus 0.1% mouse albumin (Sigma A3 134) were used 
as controls. The incisions were closed with dental cement 
Six days following surgery mice were injected with 0.15 mL 
BrdU (Sigma B5002); 18 mg/noL in 0.007% NaOH/ClM 
PBS) every 2 hours for 8 hours. They were lolled 0.5 hours 
after tiie last injection with an anaesthetic overdose, and 
transcardially perfused with 10 mL of ice-cold stedle saline 
followed by 10 mL of ice-cold Bouin's fixative (5% glacial 
acetic add, 9% formaldehyde, 70% picric add). The cervi- 
cal spinal cord region was dissected out and post-fixed 
overnight at 4* C in Bouin*s post-fixative solution (9% 
formaldehyde, 70% picric add). The following day the 
tissue was cryoprotectcd by inunersion in 10% sucrose f<x 
2 hours, 20% sucrose for 2 hours, and 30% sucrose over- 
night The tissue was fcoisen in powdered dry ice, mounted 
in Tissue-Tek (Miles 4583) at -18" C and 30 pm serial 
sagittal sections were mounted onto gel-subbed glass sHdes. 
Each slide also contained one or more 30 pm coronal 
sections tiuougli the lateral ventricles from the brain of the 
same animal to serve as a positive control Slides were kept 
at -80* C until processed. Zmmunohistochemistry: Slides 
were rinsed in PBS 3x15 minutes in 0-lM PBS at room 
temperature, hydrolyzed with IN HQ for 60 minutes at 37* 
C, rinsed for 3x15 minutes in O.IM PBS at room 
ten^rature^ placed in 6% H2O2 in methanol for 30 minutes 
at room temperature, rinsed for 3x15 minutes in O.IM PBS 
at room teixq>erature, and incubated in 10% normal horse 
sraum (Sigma H-014i5) in O.IM PBS or 20 minutes at room 
temperature. Slides were incubated overnight at room tem- 
perature in anti-BrdU monodonal antibody (Becton 7580) 
that was diluted 1:50 in O.IM PBS containing 1.5% ncsmal 
horse scrum and 03% TRITON®. The following day the 
slides were rinsed in FBS for 3x10 minutes in O.IM PBS at 
room temperature, incubated with biotinylated ho'se anti- 
mouse IgG (Vector BA-2000) for 2 hours at room 
tenq^mUure, rinsed for 3x15 minutes in O.IM PBS at room 
teii^>erature, incubated in ABC reagent (Vector PK-^lOO) 
fox 2 hours at room tenqterature, rinsed for 3x15 minutes in 
O.IM PBS at room t^nperatuie, and developed with DAB 
reagent for 2 to 4 minutes . The slides were coverslipped with 
Aqua Po^rmount (Polysdences 18606). The numl>er of 
BrdU positive cells was counted per cervical spinal cord 
section. Some BrdU labelled cells were found in the saline 
control sections. Treatment wife either EGF or FGF-2 
resulted in a significant increase in the number of BrdU 
labelled cells seen con^ared to control, The combinatioa of 
EGF plus FGF-2 produced even a greater amount of BrdU 
positive cells per section. 

EXAMPLE 31: In Vivo Infusion of Growth Factors 
into Ventricles to Increase Yidd of Neural Stem 
Cdls That Rrolifaate In Vitro 

EGF panels were implanted as described in Exan^ile 27. 
Animals were sacrificed by cervical dislocation 6 days after 
the ptunp was implanted. Brains were removed and the stem 
cells isolated and counted as described in Exan^le 5. 

Animals infused with E(jF into the lateral venttides for 6 
days prior to sacrifice and brain culturing had 4 times as 
many spheres fonning after 9 days in vitro compaicd to 
control animals which recdved saline pumps for Ae same 6 
day period. Thus, infusing ECjF into fee lateral ventricles in 
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vivo prior to removal and dissociation of neural tissue, 
greatly increases the yield of stem cells which proliferate 
and form neurospheres in vitro. 
EGF and FGF can be infused into fee ventrides to furfeor 
5 increase fee yidd of neural stem cells obtainable from the 
neural tissue. Neurospheres generated by this muethod arc 
used as a source of donor cells for later transplantation into 
degenerated areas of human adult CNS. Neurospheres can 
also be proliferated accordingly from a patient's own GNS 
10 stem cells and transplanted back into the patient 

EXAMPLE 32: In \vro Modification of Neural 
Cells wife bd-2 (jene 

A retroviral construct containing fee human bd-2 gene 
and fee ^galactosidase gene is microinjected into fee aduU 
mouse lateral ventride. A control mouse is injected wife a 
retroviral construct containing only fee p-galactosidase 
gene. One of fee two progeny of each of the constitntivdy 
proliferating subq>cndymal cells of fee adult lateral ven- 
tride normally dies within a few hours after division. The 
bd-2 gene product prevents fee programmed deafe of cells 
in several ofeer tissues. In the adult subependyma, single 
cells infected wife bofe fee ^galactosidase and bd-2 genes 
are marked by expression of bofe feese gene products. These 
cells are identified in brain tissue slices wife antibodies 
specific to P-galactosidase and human Bd-2. Proliferating 
. infected subqpendymal cdis so infected produce larger 
nunrfjcrs of cells per done relative to fee controL Thus, 
Bci-2 induces fee survival of fee one nomuilly dying prog- 
eny of each division of a constilutively proliferating adult 
subependymal cell. Moreover, fee bd-2 infected progeny 
migrate out into striatal and septal tissue to produce new 
neurons and gUa. This indicates feat EGF and Bd-2 act as 
a survival factors for fee normally dying progeny of con- 
stitutively proliferating adult subependymal cells vMdi 
generate new neurons and in vivo. 

EXAMPLE 33: In Vivo Modification of Neural 
Cells wife NOT Gene 

40 

A retroviral construct containing fee NGF gene is micro- 
injected using fee procedure described in Example 27 to 
infect fee constitutivdy proliferating adult subependymal 
cells of fee lateral ventride. Thus, feese cells are used to 
45 produce an endogenous growfe factor in fee adult brain. 
Levels of NC5F produced by fee transfected cells are mea- 
sured directly by radioimnmnoassay and (from a direct 
functional assay) by rescue of basal forebrain cholinergic 
neurons in vivo aft^ axotomy injury in fee nK>dd devdoped 
50 by Gage and collaborators CP.N.A.S. 83:9231, 1986). 

EX!aMFLE 34: Generation of Dq>amine Cells in 

fee Striatum by fee Adnoinistration of a 
Composition Cjonoprising Growfe Factors to fee 
Lateral Ventride 

Adult male CD, mice were anesfeetized and placed in a 
stereotaxic apparams. A cannula, attadied to an ALZBT 
minipun^)} was implanted into a lateral ventride of each 
animal. The minipumps were subciitaneously iii^lanted and 
60 were used to deliver (a) conditioned medium (from fee rat 
B49 glial cell line, obtained from D Schubert, Salk Institute) 
plus bFGF (R&D Systems, 25 \ig/rol) plus heparan sulfate 
(Sigma, 10 lU/ml) (CMF) or (b) EGF (Chiron, 25 >ig/ml) 
plus bFGF (25 pg/ml) plus heparan sulfate (10 lU/ml) plus 
65 25% FBS (EfF4FBS) or (c) sterile saline solution (SAL) as 
a control, into fee lateral ventricles. Once batch of animals 
was sacrificed one day afto* completion of the delivery 
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regimen and the others wcxc sacrificed twenty days later. TH+ and BrdU+ cells in relation to the ventricles. In 

The sabventricular zones (SVZs) of these mice were dis- rc^onse to saline injections made into the lateral ventricles, 

sected out, sq}arating the cannulated, and therefore treated, the nonnal population of THtt* fibers wcie detected in the 

side from the noncannulated control sides. The substantia striatum but no TH+ cell bodies were detected in this region. 

oig^(SN)regionof these mice were also recovered. Total 5 CMF treatment resulted in the detection ofTH+ cell bodies, 

KNA was extracted from these tissues using the guanidium addition to the normal population of TH+ fibers, in the 

thiocyanatc add phend method (Qiomzynski and Sacchi, striatum and in flie region of the third ventricle. E+i^'BS 

AnnoLBiochenu 162: 156-159, (1987)]. The KNA was then treatment had Ae most profound cfiPe*^ resulting in toe 

reverse transcribed to produce cDNA. These cDNAs were detection of the most TH+ cell bodies. Several of the TH+ 

subject to PGR using primers designed to biacto a 254 3^^^ j^.^^ 
nucleotide region of the TH messenger RNA (mRNA) and 

ttiermal cycling conditions favoring quantitative amplifica- EXAMPLE 36: Rat Model of Parkinson's Disease 

tion. The PGR products were elcdrophorcsed on a 2% Measures the Effects of In Vivo Administration <rf 

agarose gel and then c^illaiy blotted onto a positively Growth Factors 
charged oyloQ membrane. Radioactivdy labelled cDNA 

probe to TH was hybridized to the filter and detected by The 6-OHDA lesion rat model of Pailrinson's disease is 
autoradiogrqihy. The autoradiograph was scanned and ana- used to measure the effects of administering various con^ 
lyzed by densitometry to obtain relative levels of mRNA f csr binations of growth factors to the lateral ventricle. Unilateral 
TB in the SVZs of the cannulated sides in response to die 6-OHDA lesions are performed in the rat model and rotation 
treatments in the non-caimalated control SVZs and in tiie behavior is observed. Minipunq>s are subcutaneously 
SN. In aniinals analyzed one day after treatrrient, the adniinT 20 in^iantediiitb the aiiinials as described in Exair^le 34. EGF 
istration of E+FfFBS produced an eleven-fold increase in (Chiron, 25 pgM) plus bFGF (25 fig^nl) plus heparan 
the level of TH mRNA in fee SVZ compared to that sulfate (10 lUAnl) plus 25% FBS is continuously adminis- 
observed in response to CMF, which in tum was more than tered to the lateral ventricle. Saline is administered to control 
twice the level seen with SAL. TVenty one days after animals. Hie ability to overcome the rotational bias pro- 
treatment the amount of TH mRNA detected in response to 25 duced by the unilateral 6-OHDA lesions is observed, 
treatment with B+F+FBS was qiproximately the same as 

tiiat detected after one day, while CMF and SAL treated EXAMPLE 37: Screening of Drags ot Other 

SVZs had TH mRNA levels which were below d^ecfable Biological Agents for Effects on Multipotcnt Neural 

Hmlts and were indistinguishable hom the houTcaimulated Stem Cdls and Neural Stem (ZeQ Froggy 

SVZ controls. Under all treatments, the SN had measurable 30 ^ ^ ^^^^ Neuronal and Glial Cell Differ- 

fflnountsirfTHmRNA. entiation and Survival 

EXAMPLE 35: Detection of Dopaminerzic Cells in Precursor cells were propagated as described m Exan^le 

Striatal TYssue Using Dual Labelng 4 and diffexentiated using Paradigm 3 described in Exan^le 

Male CD, mice (Charles River, approximatdy 4 to 6 35 7. At the time of plating the EGF-gencrated cells, BDNF was 

weeks old) were given intraperitoneal injections of BrdU added at a concentration of 10 ng^mL At 3, 7, 14, and 21 days 

(Sigma, 120 mg^) at 2 hour intervals over a 24 hour in vitro (DIV), cells were processed for indirect immuno- 

period, in order to label mitotically active ceUs, A cannula cytochemistry. BrdU labeling was used to m<MiitOT proHf- 

attadied to an ALZ£T minip mn p was then implanted uni- cration of the precursor cells. The effects of BDNF on 

laterally into a lateral ventricle of each animal in order to 40 neurons, oUgodendiocytes and astrocytes were assayed by 

deliver compositions a^-c (CMF, E+FtFBS, cr sterile saline) probing the cultures with antibodies that recognize antigens 

described in Exaii^)le 34. found on neurons (MAP-2, NSE, NF), oligodendrocytes 

Animals were sacrificed 24 hours after the administtation GalG, MBP) <x astrocytes (GFAP), Cell survival was 

of growth factors usmg a lethal dose of pentobarbital anes- determined by counting the number of immunoreactive cells 

thetic. The animals were ttrcn perfused throu^ the heart 45 ^ *^ ^ morphological observations were 

v^rith 10 ml of ice could 49b paraformaldehyde sohition. The BDNF significantly increased the differentiation and 

brains were removed and tissue in tfic region extending from survival of neurons over the number observed under control 

tiie olfactory bulb to the third ventride, including the conditions, Astrocyte and oligodendrocyte numbers were 

striatum, was dissected out and stOTed overnight at 4'' C in not significantly altered from control vahics. 

a30% su<xose/4%parafonnalde^^ B. Effects of BDNF on the Differentiation of 

was then frozen on dry ice and kept at -TO** C until i^GUcai Phenotypes 
processed. 30 jun coronal sections were cut using a cryostat 

and the sections were placed in 12 wdl porcelain dishes, to Cells treated with BDNF according to the methods 

whidi 400 pi of PBS had been added. Sections were rinsed described in Part A were probed with antibodies diat rccog- 

with fresh PBS and incubated overnight with the following S5 nize neural transmitters or enzymes involved in the synthesis 

primary antibodies: anti-TH (rabbit polyclonal, 1:1000, of neural transmitters. These included TH, ChAT, substance 

Eugene Tech International Inc,; or 1:100, Pel-frcczc) and P, GABA, somatostatin, and glutamatc. In both control and 

mouse anti-BrdU (1 :55, Amersham), prq)ared in PBS/109& BDNF-treated culture conditions, neurons tested positive for 

iKmnal goat $enun/03 TRITON® X- 100. Following three the presence of substance P and GABA As well as an 

rinses in FBS, goat anti-rabbit rhodamine and goat anti- 60 increase in numbers, neurons grown in BDNF showed a 

mouse fluorescein (Jaclcson) were applied in PBS for 50 dramatic increase in neurite extension and branching when 

minutes at room temperature. Sections were then washed compared with control exan:q>les. 

feree times (10 minutes each) in PBS, placed on glass slides, ^„ « 

dried and then ooverslipped using Huorsave (Calbiochem ^ Identification of &owth-Factar Responsive 

#345789). 65 

The location of dopaminergic neurons was determined by Cells that are responsive to growth factor treatment were 

m^>ping the location of TH-immunoreactive frH+) cells, or identified by differentiating the EGF-generated progeny as 
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described in Example 7, paradigm 3 and at 1 DIV adding 
approximately 100 ng/ml of BDNR At 1, 3, 6, 12 and 24 
hours after the addition of BDNF the cells were fixed and 
processed for dual label immunocytochemistry. Antibodies 
that recognize neurons (MAP-2, NSE, NF), oligodendro- 
cytes (04» GalC MBP) or astrocytes (GFAP) were used in 
combination with an antibody that recognizes c-fos and/or 
other immediate early genes. E;q>osurc to BDNF results in 
a selective increase in the expression of c-fos in neuronal 
cells. 

D. Effects of BDNF on the B^Lpression of Markers 
and Regulatory Factors During Bcoliferation and 
Differentiation 

CeUs treated witfi BDNF according to the methods 
described in Part A arc |ffoccssed for analysis of the expres- 
sion of FGF-Rl, as described in Exanq>lc 39 or other 
markers and regulatory factors, as described in Example 40. 

E. Effects di BDNF administration During 
Differentiation on the Hectcophysiological 
ftoperties of Neurons 

Neurons treated with BDNF during differentiation, 
according to the methods described in Part A, are processed 2s 
for the determination of their electrophysiological 
properties, as described in Example 41. 

F. Effects of Chlorpromazine on tiie Proliferation, 
Differentiation, and Survival of Growth Factor 
Generated Stem Cell Progeny 

Chloipromazine, a drug widely used in the treatment of 
psychiatric illness, is used in concentrations ranging from 10 
ng/ml to 1000 ngftnl in place of BDNF in Examples 7Ato 
7E above. The effects of the drug at various concentrations 
on stem cell proliferation and on stem cell progeny differ- 
entiation and survival Is monitored. Alterations in gene 
expression and electrophysiological properties of differen- 
tiated neurons arc determined. 

EXAMPLE 38: Stem Cell Proliferation Assay 

Etimary cells were obtained &om E14 mice and prepared 
as detaUed in Examples 1 and 4. Hther ECH^, EC3^ and FGF 
or EGF and BMP-2 were added to con^lete medium at a 
concentration of 20 ng/ml of eadi growth factor, with the 
cxcq)tion of BMP-2 which was added at a concentration of 
10 ngAnL Cells were diluted with one of the prepared growth 
factor-contaming media to a concentration of 25,000 cells/ 
ml. 200 pi of the cell/medium combination were pipetted 
into each well of a 96-well place (Nudon) with no substrate 
pretreatmcnt Cells were incubated under the same condi- 
tions as outlined in Example 4. 

After 8-10 DIV the number of neurospheres was counted 
and the results tabulated. As cells grown in a combination of 55 
EGF and FGF produced significantly more neurospheres 
ttian cells grown in the presence of EGF alone. The com- 
binatiott of EGF and BMP-2 inhibited neurosphere devel- 
opment 



RNA from eidier undifferentiated gb: differentiated neuro- 
spheres was isolated according to the guanidinium thiocy- 
anate add phenol procedure of Qiomzynski and Sacchi 
Anal Biochenu 162: 156-159 1987)]. Complementary DNA 
(cDNA) was synthesized from total RNA using rcvcsst 
transcriptase prim<ed with oligo dT. Gene-spcdfic pdmcrs 
were designed and synthesized and these primers were used 
in PGR to amplify cDNAs for different growth factors and 
growth factor receptors. Amplified material was run on 
agarose gels alongside molecular wdght markers to ensure 
that PGR products were of the expected size, while the 
identity of PGR fragments was confirmed by restriction 
enzyme analysis and by sequencing [Arcellana-PanliUa 
Methods EnzymoL 225: 303-328 (1993)]. An cthidium- 
stained agarose gel visualized via UV transillumination 
showed the detection of three growth factor recq>tor 
transcripts, namely EGF-R, FGF-R, and UF-R, in undiffer- 
entiated and differentiated stem ccU-derived progeny. Table 
I lists the primer sets analyzed and the results of undiffer- 
20 entiated and difiierentiated cells. 



TABLE I 



Primer Seta Analyzed 

Untfiffereatiated 
Cells . 



CeUs 



30 



35 



40 



Actin 




+ 


NGF 


+ 


nd 


EGFi" 




+ 


hPQFr 


+ 


+ 




+ 


+ 


^rusnie bydroxylssc 


+ 


+ 


cbolhie aoetyltzansfisiase^ 


od 


+ 


cfaolecystoldiun™ 


nd 






od 


+ 


tyjosiiie kinasc-cA 


+ 
+ 


+ 


tyxosbe kinase-iC 


+ 


+ 



r = rsceptor 

m = derived from mofusc 
nd s no data available 



45 



50 



EXAMPLE 39: Comparison of Receptor and 
Growth Factor Expression in Undifferentiated vs. 

Differentiated Stem Cell-Derived Progeny by 
Reverse 'RanscriptLon-Polymerase Chain Reaction 
(KT-PCR) 

Neuro^hcres were generated as described in Example 4, 
and some were differentiated as per Paradigm 1, Exan^le 7. 



EXAMPLE 40: Isolation of Novel Markers and 
Regulatory Factors Involved in Neural Steni Cell 
Proliferation and Differentiation 

Neurospheres are generated as described in Exan^le 4 
using CNS tissue from CD, albino mice (Charles River). 
Some of these neurospheres are allowed to differentiate 
according to the rapid differentiation paradigm of Example 
7 producing cultures enriched in neurons, astrocytes, and 
oligodendrocytes. Total RNA is extracted &om the undif- 
ferentiated, neurospheres as well as the differentiated cell 
cultures using the goanidiniunl tfaiocyanate add |dienol 
method referred to in Example 39, Messenger RNA 
(mRNA) is isolated by exploiting the afBnity of its poly A 
tract to stretches of cither ITs or T*s. Reverse tcanscrip^on 
■ of (he mRNAiwoduced cDNA, is then used to mabe primary 
libraries in either plasnud [Rothstein et aL, Meffiods in 
Enzymology225:5%7'-6i0 (1993)1 or lambda phage vectors. 
To isolate cDNAs that are specific to either undifferentiated 
60 or differentiated stem ccU derived progeny, cDNA from one 
is hybridized to RNA from the other, and vice versa. The 
unhybridized, and thus cuUure type-speciffc, cDNAs in each 
case are ttien used to construct subtracted libraries [Lppez- 
Femandez and del Mazo, Biotechnigues 15(4):654-658 
65 (1993)], or used to screen the primary litearies. 

Stem cell-derived undifferentiated cell specific and dif- 
ferentiated cell specific cDNA libraries provide a source of 
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doaes far novel markers and regulatory factcs's involved in 
CNS stem cell proliferation and differentiation. Spectfic 
cDNAs are studied by sequencing analysis to detect specific 
sequence motifs as clues to identity or function, and data- 
base searching for homologies to known transacts. Using 
d>NAs in a hybridization to various RNA san^les electro- 
phoiesed on an agarose-formaldehyde gd and transferred to 
a nylon membrane, allows the estimation of size^ relative 
abundance, and specificity of transoqits. All or portions of 
cDKA sequences are used to screen other libraries in order 
to obtain either complete mRNA sequences or genomic 
sequence information. Antibodies directed agiainst fusion 
proteins generated fi^om specific cDNAs are used to detect 
pscftdns specific to a paiticalar cell population, either by 
imnuinocytochemistry or by Western Blot analysis. Specific 
gene sequences are used to isolate proteins that interact With 
putative regulatory elements that control gene expression. 
Tliese regulatory dements are tiicn used to drive the caqHres- 
sion of an exogenous gene, such as beta-galactosidase. 

EXAMPLE 41: Electrophysiological Analysis of 
Neurons Generated From Growtii Factor- 
Responsive Stem Cells and Exposed to a Biological 
Agent 

Neurospheres were generated as described in Exan^le 4. 
Neurospheres were dissociated using the technique 
described in paradigm 2, Example 7. Hie donally derived 
cells were plated at low density and differentiated in the 
presence of bFGF, The electro^siological properties of 
cells wilh the morphological qipearance of neurons were 
determined as described as described by Vescovi et al. 
[Neuron, 11; 951^966 (1993)]. Under whole cell current 
damp, the mean resting potential and input resistance were 
-62id mV and 372iM£I Rectangular siqxratiircshold cur- 
rent steps, (-100 pA) elicited regenerative potential 
responses in which tbe anq)litade and time course were 
stimulus dependent After the completion of dectrc^hysi- 
ological caqjeriments, tiie cell morphology was visualized by 
intracellular excitation of 5-caiboxyfluoresceia 

EXAMPLE 42: Screening for the Effects of Drugs 
or Other Biological Agents on Growth Factor- 
Responsive Stem Cell Progeny Generated From 
Tissue Obtained From a Patient with a 
Neurological Disorder 

The effects of BDNF on the EGF-responsive stem cell 
progeny generated from CNS tissue obtained at biopsy from 
a patient with Huntington's disease is detennined using the 
methods outUned in Example 7, A to E. BDNF is a potent 
differentiation factor for GABAergic neurons and promotes 
extensive neuronal outgrowth. Huntington's Disease is dtar- 
acterized by the loss of GABAergic neurons (amongst 
others) from the striatom. 

EXAMPLE 43: Assay of striatum-dcrived 
neuios{^ere proliferation in response to various 
combinations of (ffoliferatlve and regulatory factors 

Paradigm 1: Primary striatal cells prepared as outlined in 
Exanq)le 1 were suspended in Complete Medium^ without 
growth factors, plated in 96 well ptUites (Nunclon) and 
incubated as described in Exanq>lc 4. Following a one hour 
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incubation period, a specific proliferative factor, or a com- 
bination of prolifaative facton indudiog EGE or bFGF 
(recombinant human bFGF: R&D Systems), a combi- 
nation of EGF and bFCjF, or BGF phis FGF plus heparan 
sulfate (Sigma), or bVGF plus heparan sulfate made up in 
Con^kte Medium at a concentration of 20 ng/ml for each 
of the growdi factors and 2 pg/ml for heparan sulfate), was 
added to each well of the plate. 

Activin, BMP-2, TOT-p, IL-2, lLr6, IL-8, MlP-la, MIP- 
ip, MIP-2 (all obtained from Onron Corp.), TNFo, NGF 
(Sigma), VDGP (R&D Systems), EGF and CNTF (R. Dunn 
and P Richardson. McGill University) were made up in 
separate flasks of compete mediuni to a final concentration 
of 0.2 \i$fmL Retin<^c add (Sigma) was added at a concen- 
tration of lOr^. 10 jd of one of tiiese regulatory factOT- 
containing solutions was added to each proliferative factor- 
containing well of the 96 well plates. Control wells, 
containing only proliferative factors, were also prepared. 

In another set of e]q>eriments, die neurosphere inducing 
Iwo|)erties of each of these regulatory factors was tested by 
growing cells in their presence, in proliferative factor-fi:ee 
Con^lete Medium. None of these regulatory factors, with 
the exception of EGF, when used in the absence of a 
^ proliferation-indudng factor sudi as EGF or FGF, has an 
effect on neural stem cell proliferation. 

The activin, BMP-2, TGF-m* IL-2, 11^6, IL-8, MEP-lot, 
MIP-lp, MIP-2, TNFa and ECF additions were repeated 
every second day, CNTF which was added each day and 
30 retinoic add, NGF and PDGF were added only once, at the 
begiiming of the experiment The cells were incubated for a 
period of 10-12 days. The number of neurospheres in each 
well was counted and the resulting counts tatnilated using 
Cricket Graph HI. Other rdevant information regarding 
3S sphere size and shape were also noted. 

la general, bFGF had a greater proliferative effect than 
EGF on the numbers of neurospheres generated per welL In 
the piresence of 20 ngAcl E(2F, approximately 29 neuro- 
spheres per wdl were generated. In the presence of bFGF, 
40 approximatdy 70 neurospheres were generated. However, in 
bFCH^ alone, the neurospheres were only about 20% of (he 
size of those generated in the presence of EGF. The comr 
bination of EGF and bFGF {voduces significantly more 
neurospheres than does EGF alone, but fewer than seen with 
*3 bFGF alone. The neurospheres are larger than those seen in 
bFGF alone, ^iproximating titose seen in EGF. In tiie case 
of bFCH^ generated spheres, the addition of h^>aran sulfate 
increased the size of the spheres to about 10% of the size of 
those which occur in response to EGF. These data suggest 
that EOF and FGF have different actions witii respect to the 
induction of stem cdl mitogenesis. 

The effects of the regulatory factors added to the prolif- 
erative factor-containing wells are summarized in Table XL 
In general, the TGFp family, interleukins, macrophage- 
inhilntory proteins, PDGF, TNFot, retinoic add (10"*M) and 
CNTF significantiy reduced the numbers of neurospheres 
generated in all of the proliferative factors or combinations 
of proliferative factors tested. BMP-2 (at a dose of 10 
ng/ml), completely abolished neurosphere proliferation in 
response to EGF. EGF and heparan sulfate both greafly 
increased the size of the neurospheres formed in response to 
bFOT (about 400%). 
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TABLE n 

PROUBERAnVB FACTORS 



BGFflFGF-t- 

BOF bFOF EOT * WOP bFGP * Heparan Hmang 



REGUUOrOBY FACTORS 


# 


saza 


# 


size 


« 


azc 




size 






TGFp Family* 


-57% 




-57% 




-34% 




-55% 




-20% 




BMP-2 


-100% 




-5% 




+16% 




-3% 




-1-10% 






-21% 




-23% 




-37% 




-28% 




-39% 




MIP Family 


-25% 




-6% 




-32% 




-22% 




-33% 




NGF 


-10% 


= 


0% 




-30% 


a 


+5% 




-48% 




PDCF 


-IJ% 




-4% 




-26% 




-10% 




-27% 




TNFa 


-17% 


= 


-17% 




-41% 




-21% 




-37% 




l(r*M Retiooic Acid 


-8% 




-«1% 




-31% 




-«5% 




-45% 




CNTF 


-23% 




-77% 




-Sl% 




-81% 




-84% 










-14% 


-*+ 






-17% 








Heparan Sulfate 


0% 




0% 


++ 


0% 


= 











♦Pichifling BMF-2 (U. TGFa and actxvia) 

Kumben of i»ziospheies generated (#) are given as percentages that reflect &e decrease (-)or increase (+) in n mnbe is 
of ODUio^beiBS per weU, in lespoose to a PRCJUFERAIIVE FACTOR in&e pcesence of aREOULATOKyTACIOR, 
oocsmored wifli d» ounibcr of neutospheies proliferated i n the absence of fee R EOUIATORY FACTOR. 
Size of oeurospbeies geiMrated in (he pcesence of PROOFERATtVE FACTORS and REOULATOBY FACTORS 
compared to those gecerated in the presence of FROUFERAUVE FACTORS alone axe indicated as foDows: 
-H-: much Istger, +: laz^^r, =: iqiproxiniatBly tlte same size; variable in aze; -: smaller — - much amaller 



Antiscnse and sense expcriiDcnts were earned out using 
the f oUowing oUgodeoxTnudeotides (all sequences written 
5' to 3*): 



ECH^ receptor Sense strand: GAGArGCGACOCTCAGGGAC 
(SEQ ID NO: 1) 
Anlisense strand: Gra:CTOAGGC3rrOGCArCTC 
(SEQ ID NO: 2) 

EGF: Sense strand: lAAAtAAAAGATGCCCPSG 

(SEQ ID NO : 3) 
Atttisense strand: CCAGGGCAiun i lAITIA 
(ffiQIDNO:4) 



Each oHgodeoxynudeotide was brought up and diluted in 
ddHjO and kept at -20** C Each wcU of the 96 weU plates 
lecdved 10 [d of oligodeaxynudeotide to give a final 
concentration of either 1, 2, 3, 4, 5, 10 or 25 pM. Oligode- 
oxynudeotides were added every 24 hours. The EGF recep- 
tor (EGFr) and EGF oligodeoxynadeotides were applied to 
cultures grown in bFGF (20 ngtail), and BCjPi oligodeoxy- 
nucleotides were applied to cultures grown in EGF (20 
ng^ml). Cells were incubated at 37° C, in a 5% COj 100% 
humidity incubator. After a pedod of 10 to 12 days, the 
number of neurosphores per well was counted and tabulated. 
Aconccntratioa of 3 pM of antiscnse oligodeoxynudeotides 
produced a 50% reduction in the number of neurosphcres 
generated per wdl, whereas the sense oligodeoxynude- 
otides had no effect on the number of neuros^^eres gener- 
ated in response to EGF and FGF. Both the sense and 
antisensc oligodeoxynudeotides were toxic to cdls when 10 
pM or hi^er concentrations were used. 

Similar experiments can be performed using tfie following 
oligonudeotides: 



25 



30 



-continued 



Antiscnse strand: CGAGGrQAFC3CCGCTGGC 
(SEQ ID NO: 8) 



VGF receptor Sense strand: 



FOP. 



Antiscnse strand: 



Sense strand: 



GAACTGGOArCFTGGGGCrGO 
(SEQ ID NO: 5) 
CCAQCCCCACArCCCAG?nC 
(SEQ m NO: 6) 
GCCAGCXSGCAICACCTCG 
(SEQ ID NO: 7) 



The FGF.recqrtor (FGFr) and FGF oligodeoxynude- 
otides are applied to cultures grown in EGF, and FGFr 
oligodeoxynudeotides are implied to cultures grown in 
bF(5F, 

35 Paradigm 3: Embryonic tissue is prepared as outlined in 
Exanq>le 1 and plated into 96 well plates. CZon^lete 
Medium, containing 20 ng^ml of either EGF of bFGF is 
added to each well 10 (lyl of diluted phQrb<d 12'TOyristate 
13 acetate (FMA) is added once« at the beginning of the 

40 experiment, to eadi wdl of the 96 well plates, using an 
Gppendoif i^>eat pq>etter with a 500 pi tip to give a final 
concentration of either 10, 20, 40, 100 or 200 Cdls 
are incubated at 37** C in a 5% CO2 100% hmnidity 
incubator. After a pedod of 10 to 12 days the number of 

45 neurosphcres per wdl is counted and tabulated. 

Paradigm 4: Embryonic tissue is prepared as outlined in 
Example 1 and plated into 96 weU plates. 10 pi of diluted 
staurosporine is added to eadi wdl of a 96 well plate, using 
an ^jpendOTf repeat pip^ter with a 500 |j1 tip to give a final 

50 concentration of cither 10, I, O.l, or 0.001 fiM of stauro- 
sporine. Cells are incubated at 37' C., in a 5% CO2 100% 
humidity Incubatot Aft^ a pedod of 10 to 12 days, the 
number of neurosphcres per wdl is counted and tabulated. 

EXAMPLE 44: Adult spinal cord stem cell 
proliferation — in vitro responses to specific 
biological factors or combinations of factors 
Spinal cord tissue was removed from 6 week to 6 month 
old mice, as follows: cervical tissue was removed firom ttic 
60 vertebral cdumn region rostral to the first rib; thoracic 
spinal tissue was obtained from the region caudal to the first 
rib and ^proximatdy 5 mm rostral to the last rib; lumbar- 
sacral tissue constituted fiie remainder of the spinal cord. 
Tlic dissected tissue was washed in regular artifidal cere- 
6S brospinal fluid (aC2SF), chopped into small pieces and then 
placed into a spinner flasik containing oxygenated aCSF with 
higji Mg^ and low Ca^'*' and a trypsin/hyalnronidase and 
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kynurenic add enzyme mix to facilitate dissodatioa of the was calculated The cells were then transfetrcd to a micro- 
tissue. The tissue was oxygenated, stiired and healed at 30** centrifuge tube for storage on ice prior to transplantation. 
C for l¥t hours, then transfeired to a vial for treatment with When ready for use, ceEs were resuspended prior to each 
a trypsin inhibitor in media solution (DMEM/12/honnone cell injection by drawing cells into an e^ypendoif pipette tip 
mix). The tissue was triturated 25-50 times with a fire 5 (200 or 1000 jd). 

narrow polished p^tte. The dissociated cells were centri- 3. TVansplantation of Neural Stem Cell Progeny 
fuged at 400 r:p.ni. for 5 minutes and then resuspended in The donor neural stem cell progeny were transplanted into 
fresh media solution. Cells were plated in 35 mm dishes selectedsitcsinthehrainofnormaL healthy neonate or adult 
(Costar) and allowed to settle. Most of the media was CDl or C57BL/6 mice or adult Wistar or Spragqe-Dawley 
aspirated and fresh media was added. EGF alone, or EGF lo ^^^^ cases, embryonic ccUs from GDI mice 
and bFCT were added to some of the dishes to give a final received in vitro gene transfiff procedures prior to transplan- 
concentration of 20 ng^ml e^ and bFGF (20 ngtol) was tation of the cells. The host animals were anaesthetized with 
added, together with 2 iig^ml of heparan sulfate, to the sodium pentobarbital (65 mg«g) and placed into a stereo- 
remainder of the dishes. The cells were incubated in ^^COj, taj^c ^aiatus. A skin incision was made to expose the 
100% humidity, at V C for 10-14 days. The numbers of 15 ^^^^j^ skull or vertebiac. fiyection sites were located 
neurosphcres genaated per well were counted and the using stereotaxic coordmates to locate the desired site. Burr 
results tabulated. EGF alone resulted in die generation of no j^oj^ drilled in die skull and vertebrae at die coordinate 
neurospheces from any of the spinal cord regions. In the jjfcs. A 5 |d syringe was housed on a syringe pun^ and 
presence of EGF plus bFOT, neurosphcres were genaated attadicd to a stateless steel cannula (30-31 gauge) via a 
from all regions of the spinal cord, in particular tfie lumbar 20 short length of polyethylene tubing. A small air bubble and 
sacral region. The combinations of EOT+FGF and FGFf then 4-5 pi of the desired cdl suspension was drawn into die 
heparan sulfate produced similar numbers of spheres in the cannula. The cannula was lowered to the desiied location 
cervical region, whereas the combination of bFGF phis pi of the cell suspension was injected at a speed of 
heparan sulfate resulted in fewer neuro^hercs from the 0.1-05 (iiyhiin. Animals tfaatreccrvcd xenografts or allograft 
thoracic and lumbar regions. 25 ^^.g treated with 0,1 mg/ml cyclosporin A in the drinking 

TT^A^m ^ 4^ f * * I* 1*: ♦ water to reduce the risk of tissue rejection. 

EXAMPLE 45: Transplantation of Multipotcnt ^ . , . . ^ \ ^ « tv. 

Neural Stem CeU Progeny in Animal Models 4. Analysis of Ttansplanted Neural Stem Cell Progeny 

The ammals were allowedto survive foer 2-12 weeks prior 

ITRANSH-ANTAnON PROCEDURE to sacrifice. At a spedfted time after ttamplantation, animals 

1. Neuiosphere pr^aration were perfused transcardially for alddiyde fixation of the 
Neural tissue was obtained from normal mbryonic or brain and spinal cfxd tissue. A low-4iigh pH perfusion 

adult GDI mice and from embryonic or adult Rosa 26 mice protocol was used (Slovitei & Jfilaver, (1987) Brain Res. 

(transgenic ammals derived from C57/BL/6 mice, which . VoL 330358-363). After perfusion, brains and spinal cords 

express the ^-galactosidase gene in all cells, thus allowing ^ were removed, post-fixed, and then cryoprotected in 

the transplanted cells to be easily detected in host tissue). suaose/PBS f<x cutting in a oryostat Sections of tissue (10 

Neurospheres were generated using the procedures pM) w^e cut and mounted on microscope slides direcHy in 

. described in Exanj^ks 1-5, passaged 2 to 8 times (see a sequential way so that adjacent sections could be examined 

Bxanq>le 6), and maintained in culture for 6-10 days after with different anatomical protocols, 

the last passage. ^ Survival of transplanted cells labeled with fluorescent 

2. Labeling and Preparation of Neural St^ CeU Progeny beads were identified by the localization of fluorescent beads 
16 hours prior to transplantation, neurosphcres derived within die cell cytoplasm- BrdU labeled cells (cells tiiat had 

from embryonic and adult tissue were labeled widi BrdU by incorporated BrdU into tiicir DNA during ceQ division in 

adding BrdU to die media for a total concentration of 1 pM culture prior to tran^iantation) were identified usmg anti- 

and/or with fluorescent latex beads flPolysdences; 1:100 45 bodies against BrdU (1^50-500; Monodonal-Sera-lab; 

dilution of 0.75 \sm beads). Neurospheres were detached Polydonal-Accurate Chem. & Sci). Antibodies against 

from tiie substrate by gcntic shaking,, poured into 50 ml GFAP (1:250 Monodona-Boehringcr, PcAydonal-BTT), or 

centrifuge tul>es and spun down (5 minutes, 400 r.p.m., 15° NeuN (1:250-500; Monoclonal-RJ. Mullen) were tiien used 

C, no brake) to remove the proliferation-inducing media to identify die differentiation of die transplanted cells. Cell 

used for die proliferation culture. The neurospheres derived 50 transplants derived from transgenic animals exfffessing 

from embryonic tissue were dien washed twice in Hank's P-galactosidase were histochcmically analyzed using metii- 

biiffered saft sohition (HBSS), resuspended in 2 ml BBSS odology described by Turner and Cepko (1987) if/ature 

and dissociated by trituration (spheres drawn into a fire- 328:13 l-136)and by hnmunohistochanical stauung. Fdr 

polished pasteur jripette 40x). The neurosphcres daived Rosa 26 cells, antibodies against P-galactosidase were used 

from adult tissue were trypsinized (0.05% in EDTA media; 55 to identify the transplanted cells and antibodies to NeuN 

5-10 min) and dien a trypsin inhibitor (ovomucoid; 0.7-1.0 were used to . identify cells that had diffwentiated into 

Tng/ mi in media) was added. The tubes wae swiried and die neurons. Human cells were identified witii HLA antibodies 

neurospheres were rccentrifiiged (400 tp.m., 15" C, no (1:250. Monodonal-Sera-labs). Antibodies were incubated 

brake). Cells were resuspended in 2 ml media (DMEM witii die tissue san^les and detected using standard unmu- 

F12/hQrmone mix) and dissociated by mechanical trituration ^ nohistochemical protocols. 

(25x). The results obtained from the animal modds described 

Live and dead cdls obtained from neurospheres derived below are summarized in Tables II-V. 

from embryonic and adult tissue were counted prior to being A. MODEL OF HUNTINGTON'S DISEASE 

centrifoged to remove dead cdls (10 min., 400 r.p.nL, 15** Rats were anesdictized widi nembutal (25 mg/kg ip) and 
C, no brake). The live cdls were resuspended to appropriate 65 injected widi atropine sulfate (2 mg/kg Lp.). Animals sus- 
cell density (1-50x10^ cells/ml). The cdls were recounted to tained an ibotenate lesion of the striatum, stimulating Hun- 
determlne the number of live and dead cells and cell viability tington's Disease in the animals. 7 days after the lesion, the 
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flm' mflls received an injection of cells prepared as in 
Examples 1-5 under stereotaxic control. Injections were 
made to the lesioncd area via a 21-gaugc cannula fitted with 
a teflon catheter to a micrdnjector. Injected cells wcare 
labelled with fluorescein^abelled microspheres. Animals 
were given behavioral tests before tttc lesion, after &e 
lesion, and at various intervals after the transplant to deter- 
mine the functionality of the grafted cells at various post- 
operative time points, then killed and perfused transcardially 
with 4% buffered paraformalddiyde, 0.1% ghitaraldehydc 
and 5% suaose solution at 4** C The brains wcare ficozen in 
liquid nitrogen and stored at -20'' C until use. Brains 
sections were sliced to 26 Mii^ on a cryostat. fixed in 4% 
parafonDaldehyde and stained using the M6 monoclonal 
antibody to stain for mouse neurons, a nd then reacted with 
a secondary anti-rat fluorescein-conjugated antibody. Neu- 
ronal and gMal jrfieno^pe was identified t^y dual labeling of 
the cells with antibody to NSE and GFAP. 
B. PARKINSON'S DISEASE 

Two animal models of Paridnson's Disease were used. In 
tibte first model, unilateral dopamine neurons of tiie substan- 
tia nigra were ksioned by the stereotaxic administration of 
6-OHDAinto the substantia nigra in adult CD 1 ( 1-4 gg) and 
C57BI76 mice (1 pg), and Wistar rats (16 ng). Mice were 
pretreated with dcs^ramine (25 mgHECg Lp.) and rats were 
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D. STROKE 

Occlusion of the carotid arteries precipitates the occur- 
rence of ischemic damage similar to diat which occurs 
during stroke. Adult Wstar rats, in which &e middle cere- 
bral artery has been occluded to produce symptomatic 
lesions in the caudal striatum and parietal cortex, have 
neural stem cell progeny in^Ianted into the lesioned areas. 
After a survival period, the animals are tested for behavioral 
improvements and are dien sacrificed and thdr brains ana- 
lyzed. 

E. EPILEPSY 

Liq>lantation of an electrode into the amygdala is used to 
kindle die brain, inducing epileptic episodes and other 
symptoms of qnlepsy. Neural stem ceil progeny are trans- 
planted into (he h^)pocampal region. The animals are later 
tested for peptic qplsodes and then sacrificed for analysis 
of the grafted tissue. 

E ALZHEIMER'S DISEASE 

Cognidve ino^pairment is induced in rats and mice by 
ibotenic add lesions of the nucleus basalis, cff old animals, 
exhibiting signs of dementia, are used. Neural st^ cell 
progeny are transplanted into die firantal cartex, medial 
septal nudeus and the nucleus of the diagonal band of the 



pr^reated with pargyline (50 mg/Kg Lp,) both of which 25 brains of die anbnals. After a survival period, the animals are 
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prevent the action of 6-OHDA on noradrenergic neurons and 
allow the selective destroction <^ dopaminergic neurons. In 
one scdes of e:q>eriments, multipotCTt neural stem cell 
proge ny obtained from embryonic Rosa 26 mice, were 
prepared using the procedures described in Exan^les 1 and 
4. The neural stem cell progeny were labeled, prepared, and 
transplanted into the striatum of the lesioned C57BL/6 mice 
using the methods described above in this Exaicple. In a 
second series of experiments, the cells ware administered to 
&c same regions in the brains of adult 6-OHDA Wister rats. 
In a third series of experiments, proliferated fet^ human 
cells (prepared as outlined in Exan^le 9), were transplanted 
into the striatum of (he 6-OHDA lesioncd CDl mice. After 
a survival period of 2 weeks, the host animals were sacri- 
ficed and thdr brains removed. The brain tissue was treated 40 
and analyzed as described above. The second animal modd 
used was the adult mutant Weaver mice (Jackson Labs, 3-1^ 
months), in whidi approximately 70% of the dopaminergic 
neurons of the substantia nigra are lost by the age of 3 
months. Animals were anaesdietized and the proliferated 45 
progeny of mnltipotent neural- stem cells derived from 
embryonic Rosa 26 mice were injected into the striatal 
region of the animals according to the methods described 
above. The animals were allowed to sur^e for 15 days 
prior to sacrifice and analysis of striatal tissue. 
C CARDIAC ARREST 

Transient forehrain isdiemia was induced in adult Wistar 
rats by combimng bilateral carotid occlusion with hypov- 
olemic hypotension (Smitii et al. (1984) Acta Neurol Scand 
69385-401). These procedures lesion the CAl hippocanq>al 
pyramidal cells which is typical of damage observed in 
humans following cardiac arrest and the cause of severe 
memory and cognitive defidts. The progeny of proliferated 
multipotent neural stwn cells, derived from embryonic Rosa 
26 mice, were prepared as described above and transplanted 60 
into the lesioned hippocanq^al region of the ischemia 
lesioned rats. After 8 days, the animals were sacrificed and 
their brains were removed and analyzed, ^gal positive cells, 
indicating surviving cells from the Rosa 26 donor) were 
detected in the lesioned hippocampal region. In addition, 
double labded ^gal/NeuN^ cells were found indicating that 
transplanted cells had differentiated into neurons. 



tested for cognitive ability and are then sacrificed to allow 
analysis of brain tissue. 

G. SPINAL CORD INJURY AND DISEASE 
Spasticity is a debilitating motor disorder that is a com- 
mon consequence of disarders such as spinal cxxd injury, 
MS, and cerebral palsy. Transection of the spinal cord is 
used to produce muscular paralysis and is followed by the 
development of spasticity, wiuch is characterized by debili- 
35 .tating hyperactive tendon reflexes, donus and musde 
spasms. Neural stem cell progeny are prepared and are 
transplanted into the lumbar lateral funiculus. After a sur- 
vival period, the animals are examined for inqirovement in 
motor control and are then sacrificed to allow for analysis of 
spinal tissue. 
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TABLE m 


DONOR 
















TRANSPLANT 




BtdU/ 


BidU/ 


SOURCE 


HOST 


RECHOK 


BidU 


GFAP 


NeiiN 




Neonate 


stnatuni 


+ 


+ 


+ 


CDl Mouse 


CDl Moose 


firofital cortex 


+ 


+ 


+ 




Adult CDl 


striatuni 




+ 


+ 




Mouse 


hippocampus 


+ 


+ 








fixmtal cortex 


+ 


+ 


+ 






panetal cortex 




+ 


+ 






MS/NDB 




+ 


+ 




Adult Wistar 


SplllAl coed 




+* 


+ 




Rat 


tu^pocan^us 


+ 


+ 


+ 






panctal cortex 


+ 


+ 




AdaltCDl 


Adult CDl 


striatum 


■ + 


+ 




Mouse 


Mouse 


tappocanipus 


+ 










frontal cortex 


+ 








Adult Wistar 


^inal cord 










Rat 











TABLE IV 



Donor Cell 
Source 



HOST 



Tiansplant 
Region 



^Gal BidU 



BrdU/ 
GFAP 
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Bmbryonic 
CDl Mouse 



AduitCDl 
Mouse 



luppocanqpfus 
£rontal cortex 
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TABLE IV-contuiQed 
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TABLE V 



Docor Cell 










BidU/ 


Source 


HOST 


Regkm 


^1 BzdU 


CFAP 


in vitro 2CQC 




parietal cortex 


+ 


+ 


+ 


transfer 






+■ 


+ 








MS^B 


+ 


+ 


+ 


EinlKyanic 


AdcdtZX:! 


stnatnm 


+ 


+ 


+ 


Rosa 


Mouse 


parietal cortex: 


+ 


+ 


+ 






MS/NDB 


+ 




+ 


AdaURosa26 


Adult C57/ 




+ 








BU6 Moose 


frontal cortex 


+ 










MS/NDB 


+ 







DONOR CEUL SOURCE HOST 



p43al BcdU/GFAP 



Embryonic Rosa 26 Mouse Adult 6-OHDA 
lesiaDedC57BU6 
OQOuse (striatal 
h^ectkms) 
Adult 6-OHDA 
10 lesscmed ^^star rat 

(striatal n^ectioDs) 
Embryonic Rosa 26 Mouse Adult Mutant Weaver 
Mouse (striatal 
n^ections) 
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All lefereaceSy patents, and patent applications dted 
herein are inoaiporated herein by leferenoe. 



( 1 ) GENERAL INFORMAnON: 

( i i i. >NUMBERQf'SBQrUEKCES:8 



SEQUENCE LBUNO 



C 2 )INF(»{MAnGNFORSEQIDNO:l: 

( i ) SEQUENCE CHARACIERISrnCS: 
.( A ) LENGTH: 20 tune i^s 
( B ) TYPE: fflickic add 
( C ) SIRANDEDNESS: unknowii 
( D )'IOPOLOGY: mdmown 

( i 1 )MCa£CULETVFE:GOHA 

( X i }S6QiUENCEDGSCItIFTION:SBQn>NO:l: 

OAOATOCOAC CCTCAOGOAC 



( 2 ) INFORMATION FOR SEQ ID N0:2: 

. ( 1 )SBQUENCBCHARACIBUSnCS: 
( A ) UENOIB: 20 boo paon 
< B ) TYPE: Bodnc aciil 
( C ) STOANDEDNESS: oricnown 
( D ) TQJOLOGY: unknown 

( i i )MOtBCULeTYPE:cDNA 

( X 1 ) SEQUENCE DBSCRIFTION: SBQ ID NO:2: 

OTCCCTGAGO OTCOCATCTC 30 



( 2 ) INraRMAnCN FOR SEQ ID N03: 

( i ) SEQUENCE CBARACmtlSnCS: 
( A ) LENCIH: 19 bue pairs 
( B ) TYPE: oncleio add 
( C ) STRANCEDNBSS: ttnknowtt 
( D )'I0P0C001£ unknowa 

( i t > MOLECULE TYPE: cDNA 

( X i )SBQUENaBI>ESCREPnON:SEQXDNO^: 

TAAATAAAAO ATOCCCTOO 19 



(. 2 )INF0RMAn0NP0RSEQIDN0:4: 



) 
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( I ) SEQUENCE CHARACmUSnCS: 
( A > LENC7IH: 19 base pain 
( B ) TfPE: audcic add 
( C ) STRANDEDNESS: 
( D ) TOPOLOOV: unknown 

( i i )MQ(1;BCULBTYPE:cDNA 

( X i >SBQUENCBI^SCIUPnON:SBQIDNa4: 

CCAOOOCATC TTTTATTTA 
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< 2 )INPC»MAnONFQRSEQlDNO-J: 

( i > SBQUENCE CBARACIEHISIICS: 
( A ) LENOIH: 20 
( B ) TYPE: oackk acid 
( C ) STRANDEDNESS: 
( D >TCH>CXJOGY:Qakaawii 

< i i )MQLECULBrSl>E:cDNA 

( X i )SBQPENCE raCSOUFnON: SBQ CD NOS: 

OAACTOOGAT OTOOOGCTGO 



( 2 )INIORMAJIONP0RSEQIDNO:6: 

( i )SEqjUEKCECHARACIERISnCS: 
{ A ) LENGTH: 20 base pain 
( B )Typ6: nucleic add 
( C ) SIRANDGDNESS: 
< D ) TOPOLOGY: nnknatwa 

( i i ) MOLECULE TYPE: cDNA 

< X i )Sfig|UENCEDGSCfUFlI0N:iSEQIDKO:fi: 

CCAGCCCCAC ATCCCAGTTC 

( 2 )mpaRMAn<»IPCSlSEQtDNO^: 

( t ) SEQUENCE CHARACIEEOSIICS: 
( A ) LBNOXB: 18 leso paoa 
( B ) TTFB: noddc add 
( C ) SIRAMDGttf^ESS: unknown 
( D )TOPOL0GY: mdmown 

( i i ) MCX£CULE TYPE: cDNA 

( z i ) SEQUENCE DESCRIPTION: SEQIDNO^: 

OCCAOCOOCA TCACCTCO 



( 2 )INFOiItMAnONFORSEQIDHO:a: 

( I ) SEQUENCE CHARACTERISTICS: 
( A )lJENGra: l»ha«epdc9 
( B ) TYPE: onddc add 
( C ) STRANIffiDNESS: 
( D )TOPOLOGT: 



( i i ) MOLECULE TYPE: eDNA 
( X i ) SEQUENCE IffiSCRIPnCM: SEQ ID NO^ 
CGAOOTOATO CCOCTOOC 
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What is claimed is: 

1. A method of piodudng genetically modified neural 
cells comprising: 65 
(a) obtaining cells derived from mammalian neural tissue 
containing at least one mult^tent neural stem cell 



capable of producing progeny that are capable of 
dUQferentiating into neurons, astrocytes, and 
oligodendrocytes, wherein said obtained cells have not 
been cultured in a serum-containing medium; 
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(b) piqjanng a substantially serum-free cultuic medium 
containing one or more predetcmiined growth factors 
capable of inducing multipotcnt neural steni cell 
proliferatLon, and 

(c) preparing a cell culture by combining the cells 
obtained in (a) with the culture medium prepared in (b) 
to induce proliferation of said multipotent neural stem 
cell to produce proliferating multq)Otent neural stem 
cells and proliferating multipotent neural stem cell 
progeny whidi includes daugfbter mult^tsnt neural 
stem cells and introducing exogenous DNA that does 
not contain oncogenes to genetically modify said pro- 
liferating multipotent neuial stem cells and/or said 
multq>otent neural stem cell progeny to produce geneti- 
cally modified neural stem cell progeny. 

2. The mediod of daim 1 >;«terein the growA factor in the 
culture medium prepared in .(b) is selected from die group 
consisting of acidic fibroblast growth factor, basic fibroblast 
growth f actor» epidermal growth factor, anqduieguHn, trans- 
fomung growth factor alpha, and combinations thereof. 

3. The method of daim 1 whaein said growdi factor in 
the culture medium prepared in (b) is epidermal growth 
f actc^ or transfioming growth factor alpha. 

4. The method of daim 1 wherein said growth factor in 
the culture medium prepared la (b) is a fibroblast growth 
fector. 

5. The method of ciaim 4 whaein said culture medium 
prq>ared m (b) additionally contains epidermal growth fac- 
tor. 

6. The mediod of daim 1 wherein thc^ growth factor in the 30 
culture medium prepared in (b) is epidermal growth factor. 

7. The method of claim 1 wherein flie culture medium 
prepared in (b) is defined. 

8. The method of daim 1 herein said multq)otent neural 
stem cell progeny are genetically modified to produce a 
growth factor product 

9. The method of daim 8 wh^cin said growA factor 
product is selected fixan the group consisting of nave 
growth factor, brain-derived neurotrophic factor, 
neurotrophins, ciliary neuroalrophic factor, amphiregulin, 
basic fibroblast growth factor, addic fibroblast growth 
factor, epidecmal growth factor, transforming growth fector- 
alpha, transfomiing growth factor-beta, platdet-derived 
growth factor, insulin-like growth factors, and intedeukins. 

10. The mi^od of daim 1 whereia said muh^tent 
neural stem cell progeny are genetically modified to produce 
a neuropeptide. 

11. The method of claim 10 wherein said neurop^de is 
selected from the group consisting of substance-P, 
neuropeptide^, enkephalin, vasopressio, vasoactive intesti- 
nal peptide, cholecystokinin, glucagon, bombesin, 
somatostatin, and caldtomn gene-related peptide. 

12. The method of claim 1 whorein said multipotent 
neural stem cell progeny are genetically modified to express 
a growth factor receptor. 

13. The method of daim 12 wherein said growth factor 
xcccptOT is selected from the group consisting of low affinity 
. nerve growth factor receptor, ciliary neurotrophic factor 
receptor, neurotrophin receptors, epidermal growth factor 
receptor, fibroblast growth factor receptor, and amphiregulin 
receptor. 

14. The m^od of daim 1 wherein said multipotent 
neural stem cell progeny are genetically modified to express 
a neurotransmittei: 

15. The method of daim 14 wherein said neurotransmitter 65 
is selected from the group consisting of serotonin, L-dopa, 
dopamine, norepinephrine, epinephrine, tachykinin. 
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eadorphin, histamine, N-mcthyl D-aspartate, glydne, 
glntamate, Y-^mino butyric add, and acetylcholine. 

16. The method of daim 1 wherein said multipotent 
neural stem cell progeny are genetically modified to contain 
a neurotransmitter synthesizing gene. 

17. The mcdiod of daim 16 wherein said neurotransmitter 
synthesizing gene is sdected from the group consisting of 
tyrosine hydroxylase, dopa decarboxylase, dopamine-^- 
hydroxylase* phenylethanolamine N-methyltransferase, 
glutamic add decarboxylase, tryptophan hydroxylase, cho- 
line acetyltransferase, and histidine decarboxylase. 

18. The method of claim 1 wherein said mnltqK>teQt 
neural stem cell progeny are genetically modified to express 
a neurotransmitter recq)tor. 

19. The method of claim 1 v^erein said multipotent 
neural stem cell progeny are genetically modified to express 
chromafGin granule amine transporter. 

20. The method of daim 1 wherein the mnltipotent neural 
stem cell progeny produced in (c) grow in the fonn of 
donally-doived dusters of cells. 

21. The method of daim 1 wherein prior to genetically 
modifying said proliferating multipotent neural stem oeU 
progeny, a subsequent ceU culture is prepared by combining 
said mnltipotent neural stem cell progeny with fresh sub- 
stantially serum-free culture medium containing one or more 
predetermined growth factors which induces multqx)tettt 
neural stem cell proliferation to proliferate said daughter 
multipotent neural stem cdls to produce more progeny 
whidi include more daugjiter multq)otent neural stem cells. 

22. The method of claim 1 \^erein said mammalian 
neural tissue is obtained from a juvenile or adult 

23. The method of claim 1 wherein said mammalian 
neural tissue is obtained from a human. 

24. A method of producing genetically modified neural 
cells con^irising: 

(a) obtaining cells dmved from juvenile aduU mam- 
malian neural tissue containing at least one multipotettt 
neural stem cdl enable of produdng progeny that are 
capable of differentiating into neurons, astrocytes, and 
oligodendrocytes; 

(b) preparing a culture medium containing one or more 
predetermined growdi factors cq>able of inducing mul- 
t^KTtent neural stem cdl proliferation; and 

(c) preparing a cell culture by combining the ceUs 
obtained in (a) with the culture medium prepared in (b) 
to induce proliferation of said multipotent neural stem 
cell to produce multipotent neural stem cell progeny 
which indudes dauglhter multq>otent neural stem cdls 
and introducing exogenous DNA that does not contain 
oncogoies to genetically modify said multipotent neu- 
ral stem ceU progeny. 

25. A method of producing genetically modified neural 
cells comprising: 

(a) obtaining cells derived from human neural tissue 
containing at least one multipoteDt neural stem cell 
capable of producing progeny that are capable of 
differentiating into neurons, astrocytes, and oligoden- 
drocytes; 

(b) preparing a culture medium containing one or more 
growth factors capable of inducing multipotent neural 
stem cdl proliferation; and 

(c) preparing a cdl culture by combining the cells 
obtained in (a) with the culture medium prepared in (b) 
to induce proliferadon of said multipotent neural stem 
cell to produce multipotent neural stem cell progeny 
which indudes daughter multipotent neural stem cdls 
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and introducing exogenous DNA that does not contain 31. A composition comprising genetically modified mul- 

oncogcnes to genetically modify said multipotent ncu- tipotent neural stem cell progeny prepared by the method of 

ral stem cell progeny. claim 1. 

26. The method of daim 1 further comprising: 32. A coixq)osition according to daim 31 wherein said 
(d) subjecting said genetically modified moltipotent ncu- ^ genetically modified multipotent neural stem cell progeny 

ral stem cell progeny to culture conditions that induce are genetically modified to express a biologically active 

neural cdl differentiation to jn-oduce a cell culture substance selected from the group consisting of growth 

fnynpri ging genetically modified, differentiated neural faictor products, growth factor receptors, neurotransmitters, 

cells selected fir<Hn the group consisting of astrocytes, neurotransmitter receptors, neuropeptides, and 

neurons, oligodendrocytes, and combinations thereof. neurotransmittcr-synthesizing genes. 

27. The method of claim 26 wherein in (d) the genetically 33^ conq>osition oon^sing genetically modified dif- 
modified mult^xrtent neural stem cell progeny are differcn- f crentiatcd multipotent neural stem cell progeny prepared by 
tiated in a culture medium containing scrum. method of daim 26. 

28. Themcdiodof claim26whexdnin(d)thegen<^ically 34 ^ conqwsition conqsrising gen^caUy modified dif- 
modified multipotent neural stem ceU progeny are diffoen- ^ fecntiatcd multipotent nairal stem ccUtrogcny prepared by 
tiated on afixed substrate to which said multipotent neural method of ^im 30. 

stcmoeflprog«iy(^ adhCTc. 35. A composition compriang genetically modified dif- 

29. Themclhodofclaim26whcreintn(<0thcgenetically ^ ^*"t~i>iwwu up **^e _^ j 1 - -in 

tiated in a cDtoremcdium contaming a^wth factor (hat M 36 Acompo^oa »^ar6mto daim 35 wherein md 
influeacMdiifeentiation. genetically niodi&d differentiated aeatal cells are genetx- 

30. A nuAod of producmg genetically modified differ- cally modified to ejqsrcss a biologically acUve subflance 
entiated nemal cells conmiising: selected from the group consistmg of growth factor 

(a) obtaining cells derived from mammalian necral tissue P"^' SXOWtt factor receptors, neurottanmnltes, b«i- 
yaj uLPuuiiiu^ «M.AT^ rotransmitter receptors, neuropeptides, and 

containing at one multipotent neural stem ceU ^ ^eurotransmitter-synthe^g genes. 

caMle of produong progeny that are capable of compoS^con^g a population of non- 

'^vZ^'T^^ '""T!; ''^^rh';vA^ pr4aryneuXdlswMdiTderivedw7 

obgodendroc^^ wherem said obtamed adls have not ™^ population of non-primary neural^ having 

been cultured m a scrum-contaimng medium; ^ a greater perieLge of multq)oie^ 

(b) preparing a substantially serum-firce culture medium to that of said primary culture, wherein a single 
containing one or more predetermined growth factors mnltqjotent neural stem ceE is capable of producing progeny 
capable of inducing multipotent neural stem cell ^ capable of differentiating into neurons, and glia, 
proliferation, induding astrocytes, and wherein said nuilt^tcnt neural 

(c) preparing a cell culture by ccmibining the cells 35 stem cells are genetically modified and do not contain 
obtained in (a) with tiie culture medium prepared in (b) exogenous oncogenes. 

to induce proliferation of said multipotent neural stem 38. The composition of claim 37 wherein said pocentage 

cell to produce proliferating multipotent neural stem of multipotent neural stem cells of said peculation of 

cdis and multipotent neural stem cell progeny which non-primary neural cdls is at least ten fdd h^^er than that 

indudes dau^ter mult^Kit^t neural stem cells, and 40 of said primary ceE culture. 

(d) subjecting the cells proliferated in (c) to culture 39. The composition of claim 37 wherem said multipotent 
conditions that induce neural cdl differentiation to neural stem cells are derived from human neural tissue, 
produce differentiating and differentiated neural cells, 40. The con^josition of daim 37 wherein said miilt^Kitent 
and totrodudng exogenous DNA that does not contain neural stem cdls are derived fircHii juvenile or adult neural 
oncogenes to genetically modify said . differentiated 4S dssue. 

and/or differentiating neural cells to produce geneti- 
cally modified diff^entiated neural stem cell progeny. ♦ ♦ * * * 
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Identifying Monoaminergic, GABAergic, and Cholinergic 
Characteristics in Immortalized Neuronal CeU Lines 
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We measured the concentration of neurotransmitters in immortalized neural cell lines of hippo- 
campal, septal, brainstem and cerebellar origiiL While in most of the cell lines, concentrations of 
monoamines, 7-aminobutyric acid, (GAB A) and acetylcholine were low, in some they were mark- 
edly higher. This made it quite easy to identify possible monoaminergic, GAB Aergic or cholinergic 
cell lines. However all the cell lines contained glutamate and aspartate and there were no outstand- 
ing differences in levels of these amino acids differences between the cell lines. Deprivation of 
serum, which made the cells acquire a more differentiated morphology, caused an increase in the 
intracellular concentrations of some compounds and a switch from multiple to a single transmitter 
in the case of some cell lines. It suggested that measurement of transmitter concentrations combined 
with serum deprivation studies, may provide an indication of the neurochemical characteristics of 
immortalised neuronal cell lines. 



KEY WORDS: Immortalized cell lines; amino acids; neurotransmitters; HPLC. 



INTRODUCTION 

Investigation of different neurobiological phenomena 
at die cellular and molecular level has so &r been hindered 
by the heterogeneity, the low yield and the limited Ufe span 
of primary cultures. To overcome these problems, a variety 
of immortalized neuronal cell lines have been generated in 
the past two decades by different laboratories. However, 

* Division of Demyelinating Diseases and Ageing, National Institute 
of Neuroscience, NCNP, Tokyo, Japan. 

^ Department of Internal Medicine, Saga Medical University, Saga, 
Japan. 

' Department of Applied Immunology, Faculty of Agriculture, Uni- 
versity of Tokyo, Tokyo, Japan. 

* Depaitment of Neuropathology, Kawasaki Medical University, Ku- 
rashiki, Japan. 

^ Mailing address: Division of Demyelinating Diseases and Ageing, 
National Institute of Neurosciencc, NCNP, 4-1-1 Ogawahigashi-cho, 
Kodaira-shi. Tokyo 187, Japan; Phone: 81-423-41-2711. Fax: 81- 
423-46-1747. 



usually a limited ntunber of cell lines of different charac- 
teristics were involved when their neurochemical charac- 
terisation was performed. Also, it is hard to compare results 
of one laboratory with another because of the diflferent pro- 
cessing protocol of the cells. 

In this laboratory, clonal neuronal cell lines of 
brainstem and cerebellar origin were established by re- 
combinant retrovirus-mediated transduction of v-myc (1) 
oncogene, or by somatic cell fusion (2). Morphological 
and immunocytochemical characteristics of the cell lines 
were described in detail previously (3-5). It is worth 
noting that when differentiated by standard methods (re- 
tinoic acid and/or serum deprivation), they all expressed 
68 kD, 160 kD and 200 kD neurofilaments, microtubule 
associated protein-2 and neiuron specific enolase anti- 
gens, all of which are characteristic for neuronal phe- 
notypes. The hybrid cell lines expressed these antigens 
even in the presence of serum without any differentiating 
agents (4,5). 

0364-3 190/97A)50(W)569$1 2 J(VO O 1997 Plenum Publishing Corporation 
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Multiple neurotransmitter phenotypes have been re- 
ported in neuroblastoma cell lines (6-8) and a wide va- 
riety of neurotransmitters were found to be co-localized 
in mature single neurons of various regions of the central 
nervous system (9-13). These observations suggest that 
a single neuron may have multiple sets of structural 
genes which encode a variety of neurotransmitter-pro- 
ducing and metabolising machinery. Since some of the 
cell lines established in this laboratory showed immu- 
horeactivity to multiple neurotransmitter antibodies 
(4,5), it was difficult to judge if these cell lines were 
really multipotential or specific to a certain phenotype. 

In the present study, in order to get information 
about neurochemical characteristics of these cell linear 
we systematically measured their neurotransmitter con^ 
tent, and compared them with other reference cell lines 
and primary cultures. We also studied the effect of se- 
rum deprivation on the transmitter levels in all the cell 
lines; 



EXPERIMENTAL PROCEDURE 

Cell Lines. The following cell lines were used in this study. PC 12 
(14) is a pheochromocytoma line with well characterized catechola- 
mine secreting properties. SN6,lb (5) and SN6.2a (5) are subclones 
of die mouse septal cholinergic hybrid cell line SN6. 10.2,2 (2). Several 
cell lines were generated by somatic cell fusion of N18TG2 (15), a 
hypoxandiine phosphoribos>dtransferase-deficient mouse neuroblas- 
toma line, with cerebellar primary culture of new-bom (CL5a4-l 
CL8C4-7 (4), CL8a5-2 (4)). 6 dayK>ld (CL10a5-3), 7 day-old 
(CL7dM), 10 day^ld (CL12al-2, CL12c2-l) and 28 day-old (Mlbl- 
2, Mlel-1) mice. 

HV16-1 (3). HV16.2, HV16-3, HV16^ (3) were generated fiom 
hippocampi of 14 day-old rat embryos by recombinant retiovirus-rae- 
diated transduction of v-myc oncogene. 

Septal, hippocampal and hindbrain primary cultures, that were 
made according to Kamegai et al. (16) from the brain of 15 day-old 
mouse embryos, the non-secreting neuroblastoma line (N18TG2), C6 
gUoma line (17). C2C12 myoblastoma line (18) and a myelin basic 
protein-specific nonencephaUtogenic T ceU line (4bl4a/n) were used 
as reference. 

Measurement of Protein, Amino Acid, Acetylcholine (ACh). and 
Monoamine Concentrations. The cells were cultured until confluency 
in Dulbecco's modified Eagle's medium containing 100 U/ml penicil- 
lin and 100 ^g^ml streptomycin supplemented with 10% foetal calf 
serum (FCS) or not (serum-free medium) then they were mechanically 
harvested Aliquots were taken for the measurement of protein, amino 
acid, ACh, and monoamine concentrations. If not indicated, data were 
accumulated from five independent experiments. 

The protein content of the cells was measured according to Low- 
iy*s method, after lysing jdie cells overnight in 1% sodium dodecyl- 
sulfate and separating DNA by spinning at 100,000 g for 1 h at 20*'C. 
Bovine senun albumin was used as standard. 

For the measurement of amino acids, the cells were homogeiiised 
in 3% sulfosalicyUc acid, the precipitated protein was pelleted by spin- 
ning at 25,000 g for 20 min at 2**C. The supernatant was passed 
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through a 0.22 pm filter and was applied to a Hitachi L-8500 amino 
acid analyser. Concentrations of Asp. Asn. Glu, Ghi. Gly and GAB A 
were determined by using fluorescent detection after post-column de- 
rivatization witfi o-phtalaldehyde. Results were expressed as nmol/mg 
protein. 

ACh and choline were measured by using an HPLC method (19). 
Results were ejqnressed as tmiol/mg proteiiL 

After removal of proteins by perchloric acid precipitation, we 
measured ftie monoamines, norepmephrine (NE), epinephrine, dopa- 
mine (DA) and serotonin (5-HT); their precursors, dihydroxy phen- 
ylalanine (DOPA) and 5-hydroxy tryptophan (5-HTP); and their 
metabolites, dihydroxyphenylethyleneglycol. 3-metiioxy-4-hydroxy- 
phenyl glycol, normetanephrine (NMN), metanephrine, 3,4-dihydrox- 
yphenylacetic acid, 3-O-methyrdopa (MDOPA). homovanilUc acid 
(HVA). vaniUic acid, 3-methoxytyramine (3-Krr) and 5-hydroxyin- 
dolacetic acid by using Neurochem (Niko Bioscience, Tokyo), a new 
gradient HPLC system with a 16-coulometric electrode-anay detector 
(20). Results were e}q)ressed as ng/mg protein. 

Statistical analysis was performed by using ANOVA followed by 
Dunett's test for multiple comparisons. 

Release Experiments. For release experiments, SN6.1b and 
HV16-4 cells were cultured until confluency in 10 cm plastic dishes 
in serum containing medium. HV16-4 cells, but not SN6.1b cells, were 
induced to differentiate by exposing them for three days to serum-free 
medium containing 1 mM retinoic acid. For determination of sponta- 
neous and depolarisation-induced efflux of die compounds studied, 
culture medium was aspirated, cells were washed twice with phosphate 
buffered saline and incubated for 5 min at 37**C in 5 ml of physiolog- 
ical salt solution (containing in mM: NaCl 135, CaCl^ 1, MgCl^ 0.75, 
glucose 5, HEPES 10 pH 7.4) in the presence of 5 and 26 or 56 mM 
of KQ respectively. To keep osmolarity of the solutions when elevated 
KCl concentration was used, the concentration of NaCl was reduced 
to 109 or 79 mM respectively. Amino acid, ACh and monoamine 
concentrations were determined firom the 5 min mcubating mediums 
and from the cells after the experiments. In similar experiments. CaClj 
was omitted and 1 mM of EDTA was present in the 5 min incubating 
mediums. Data were expressed as fi:actional rate/mg protein of the 
cells. 

Statistical analysis was performed by using paired t-test. 



RESULTS 

In order to determine their neurochemical charac- 
teristics, we systematically measured the concentration 
of transmitters in all the cell lines and in reference cells. 
We foimd that the immortalised hippocampal and cere- 
bellar cell lines, as well as the primary cultures of match- 
ing age, did not contain significant amounts of 
monoamines (Table I, column 3-5). It made it relatively 
easy to identify cell lines that may use monoamines as 
a functional transmitter. Interestingly the SN6 lines, 
which are generally considered to be cholinergic (2), 
also contained the monoamines; NE, DA and 5-HT (Ta- 
ble I, colunm 3-5). 

Results with ACh were qualitatively the same as 
with monoamines. Most of die cell lines were devoid of 
this compound, while the amounts of ACh found in 
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Table L Neurotransmitter Levels in the Cell Lines 
Ccmpovaids 



Cell lines 


ACh 


NE 


DA 


5-HT GABA 


Asp 


Glu 


pmol/oig 
protein 




ng/mg 
protein 




nmol/mg 
protein 








*»0.o 


n.d 


0.1 


6.4 


28.8 


CXTiC 1 A O O 


lino 


0.0. 




22.9 


0.3 


13.0 


42.5 


CXTiC Ilk 




Z.J 


D.I 


32.7 


0.4 


16.6 


52.6 


oMo.za 


'70 f\ 


U.J 


A 0 


7.1 


0.3 


62 


18.5 


LL5a4-l 


n.<L 


n.a. 


n.(L 


od 


0.8 


10.8 


17.6 


L,JLoC4-/ 


U.CI. 


U.CL 


U.l 


0.3 


0.3 


13.9 


37.5 




ILCL 


n A 

0.0. 


fi A 
ILCU 


1.7 


1.0 


12.1 


37,5 


CL10a5-3 


TL(L 


n.a. 


0.0. 


od 


0.4 


7.6 


21.5 


CLf7aI-4 


n.a. 


n.cL 


0.0. 


od 


0.2 


11.2 


27.9 


CL12al-z 


IL(L 


«. A 


0.(L 


od 


0.5 


17.2 


40.4 


CL12c2-l 


« A 

TLO, 


« A 


oo. 


od 


0.3 


10.7 


34.9 


Mlbl-2 


n.d. 


n.d 


od 


0.6 


0.5 


5.1 


17.4 


Mlel-1 


n.d. 


0.7 


od 


0.1 


1.0 


12.3 


42,3 


HV16-1 


133.1 


n.d 


.. od - 


od 


0.9 


3.7 


18.8 


HV16-2 


acL 


n.d 


n.d 


od 


0.2 


2.4 


10.2 


HV16-3 


ad 


n.d 


n.d 


od 


L2 


6.0 


38.1 


HV16-4 


n.dL 


n.d 


D.d 


od 


5.8 


3.2 


13.5 


Septal 


80.1 


ad 


od 


od 


2.9 


6.9 


16.8 


Hippocampal 


150.0 


n.d 


n.d 


od 


1.6 


3.6 


9.3 


Hindbrain 


300.2 


n.d 


od 


od 


2.9 


4.8 


12.0 


N18TG2 


n.A 


n,d 


od 


od 


0.3 


9.2 


16.9 


C6 


tL<L 


n.d 


n.d 


od 


0.2 


4.5 


9.5 


C2C12 


n.4 


n.d 


od 


od 


n.d 


1.1 


1.5 


4bI4a/n 


n.d 


n.d 


od 


0.5 


1.1 


24.7 


15.3 



Septal, hippocampal and hindbrain primary cultures were cultured in 
serum-free medium, while die other cell lines in serum-containing me- 
dium. Values represent the mean of five independent experiments. 
SEM values (not shown) were less than 15% of the mean values. 
Contents below detection limit are indicated by n.d 



PCI 2, HV16-1 and SN6 lines were similar to those of 
corresponding primary cultures (Table I, column 2). 

. AH the cell lines contained some GABA, but the 
GABA content of HV16-4 line was higher than that of 
primary cultures (Table I, colunm 6). Since primary cul- 
tures represent a heterogeneous population of cells, where 
the level of a given transmitter should be lower than in a 
homogeneous population on the per mg protein basis, we 
considered just this cell lirie as possibly GABAergic. 

In contrast to monoamine transmitters, it was very 
difficult to identify cell lines of glutamatergic phenotype. 
In the case of mature neurons, the level of Glu clearly 
indicates whether this compound has transmitter or met- 
abolic function (21). Although some of the ^11 lines 
contained higher amounts of Glu than the others (Table 
I, column 8), it was hard to characterise them as gluta- 
matergic. This was because there did not seem to be any 
critical threshold value since Glu concentrations were 
continuously distributed in the range of 1.5-52.6 
nmol/mg protein. 





0 8 10 IS 20 

ng/rog protein of oolls 

Fig. 1 Comparison of monoamine-related compounds of 
tells and of the medium. After cnlturing for three days, cells and 
san^)les of medium were processed for HPLC analysis (see Methods). 
Results are expressed as ng/mg protein of the cells. Scale for intra- 
cellular contents (top y axis) is 10 times the scale for extracellular 
contents (bottom y axis) indicating the marked difference between the 
two pools: S.E.M., coming from one experiment of three dishes run- 
ning in parallel, is indicated by error-flag. Contents below detection 
limit are indicated by n.d 



The same held true for Asp, because the T cell line, 
which was expected to be completely devoid of neuro- 
transmitters, contained the highest level of Asp (Table 
I, column 7). 

We also determined the pattem of neurotransmitter- 
related compounds and their distribution between culture 
mediimi and the cells. SN6. 10.2.2 cell line was chosen 
to demonstrate the results of these experiments, because 
this cell line contained several monoamine-related com- 
pounds. As shown in Fig. 1, the metabolites were mostly 
•present in the culture medium, while monoamine trans- 
mitters were found mostly intracellularly, except for 5- 
HT. As compared to the pattem of monoamine-related 
compounds in brain tissue, a common feature was found 
in all the monoamine containing cell lines. DOPA and 
MDOPA concentrations, which are normally hardly de- 
tectable in the brain, were very high (Fig. I). 

We tested the effect of serum deprivation on the 
levels of transmitter-related compotmds in all the cell 
lines. Results of cell lines with neurochemical charac- 
teristics distinguishing them from the rest, as well as 
reference cell lines, are presented in Table II. Generally, 
senun deprivation caused a degrease in the concentra- 
tions of all the compounds except for ACh and GABA. 
GABA levels increased by 46% in HV16-4 cell line, and 
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Table n. Effect of Seium Deprivation on the Cell Lines 



Compounds 





ACh 


NE 


HA 


j-rll 


GABA 


Asp 


CjIu 


Cell lines 


pmol/mg protein 




ng/mg protein 




nmol/mg protein 




PC12 


180.2 


n.d. 


5.3 


n.d 


n.d 


3.1 


7.8 




49%*** 


0%*** 


11%*** 


n.p. 


0%*** 


48%* 


27%*** 


SN6. 10.2.2 


145^ 


n.d. 


n.d. 


n.d 


0.2 


6.6 


25.2 




132% 


n.p. 


0%*** 


0%*** 


65% 


51% 


59%* 


SN6.1b 


608.6 


n-d. 


n.d. 


n.d 


n-d 


10.3 


40.0 




127% 


0%*** 


0%*** 


0%*** 


0%*** 


62%* 


76% 


SN6^ 


105.1 


n.d. 


n.d 


n.d. 


0.1 


5.3 


15.9 




133% 


0%*** 


0%*** 


0%*** 


37%** 


85% 


86% 


HV16-1 


215.6 


n.d 


n.d 


n.d 


0.6 


2.1 


11.8 




162%** 


n.p. 


n.p. 


n.p. 


71% 


57%* 


63%* 


HV16-4 


n.d 


n.d. 


n.d 


n.d 


8.5 


3.7 


9.9 


NilTG2 


n.p. 


n.p. 


n.p. 


n.p. 


146%* 


116% 


74% 


180.7 


n.d. 


n.d. 


n.d 


n.d 


7.2 


15.5 


C6 


n.p.**» 


n,p. 


n.p. 


n.p. 


0%*** 


79% 


92% 


n.d. 


n.d. 


n.d 


n.d 


0.2 


4,5 


6.4 




n.p. 


n,p. 


n.p. 


tLp. 


90% 


58%** 


67%* 


C2C12 


n.d. 


n.d. 


n.d 


n.d. 


n.d 


1.3 


1.7 




n.p. 


n.p. 


n.p. 


n.p. 


n.p. 


121% 


111% 


4bl4a/n 


n.d. 


n.d. 


n.d 


ILd 


n.d 


9.1 


12.1 




n.p. 


n.p. 


n.p. 


0%*** 


0%*** 


37%** 


79% 



Concentrations of compounds in the cells cultured in senmi-ftee medium are expressed as the mean of two 
independent experiments of three dishes running in parallel in each (upper row) and as means % (lower row) 
of the concentrations in the cells cultured in serum-containing medium. SEM values, (not shown) were less 
than 15% of the mean values. Any si^iificant difference, p < 0.05, p < 0.01 and p < O.OOl from the values 
obtained when the cells were cultured in serum-containing medium is indicated by *, ** and *** respectively. 
Contents below detection limit are indicated by n.d Absence of a given compound in the cells when cultured 
in serum-containing medium is indicated by n.p. 



yet decreased or were lacking in other cell lines. ACh 
decreased in the PC 12 line, increased by 30% in the SN6 
lines and increased significantly in HV16-1 andN18TG2 
lines. In the SN6 lines, there was a complete disappear- 
ance of the monoamines. 

In order to test which transmitter is functional in 
SN6.1b, we performed "static*' release experiments in 
the presence and absence of Ca2\ There was a relatively 
high rate of outflow of the compounds measured that 
correlated with the Na'"-rather than with K+-concentra- 
tion of the medium (data not shown). Efflux of the com- 
pounds was slightly higher in die absence than in the 
presence of Ca^^ (data not shown). We tested the GABA 
release from HV16-4 with qualitatively the same result 
(data not shown). 



DISCUSSION 

There is a good correlation between transmitter 
concentration or turnover and the activity of synthesising 
enzyme in the brain both anatomically (22,23) and dvi- 
ing ontogenesis (24), but some reports have raised ques- 



tions about this correlation in the case of cell lines 
(25,26). That is why we used transmitter concentrations 
rather than the presence or activity of enzymes as a first 
screen for neurochemical characterisation of immortali- 
sed cell lines. 

Another problem with cell lines is that because of 
repeated replatings, the cells become synchronised. It is 
worth noting that while amino acids decreased, the other 
compounds increased to a maximum then gradually de- 
creased with longer culture times (data not shown). To 
deal with this problem, we measured the concentrations 
of compounds of interest from three dishes running in 
parallel on five different occasions. Data in Table I rep- 
resents average values of these measurements to allow 
better comparison of cell lines. However, data in Figure 
1 and Table 11 is from one and two experiments respec- 
tively of three dishes running in parallel. 

Since we had powerfiil analytical instruments, we 
measured the transmitters together with related com- 
pounds from the same sample (see Methods). This had 
the advantage that from the metabolite pattem we could 
identify aberrant transmitter metabolism in the cells. 
Normally, DOPA level is very low in brain tissue (27), 
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because tyrosine hydroxylase is the rate-limiting enzyme 
in the production of DA. Under pathophysiological con- 
ditions, when activity of aromatic amino acid decarbox- 
ylase (AADC) is diminished, DOPA levels increase and 
a normally lacking metabolite, MDOPA appears (28) be- 
cause of the action of catechol-O-methyltransferase on 
DOPA. In PC12 cell line (data not shown) as well as in 
SN6 cell lines, DOPA content was high and there was 
a substantial amount of MDOPA (Fig. 1), suggesting a 
decrease in activity and/or expression for AADC in these 
ceU lines. 

Fig. 1 shows that the metabolites were present 
mostly in the culture medium while all the transmitters 
except for 5-HT, were found mostly inside the cells^^ 
it turned out, 5-HT was not a real exception, since about 
3.9 fXg/ml 5-HT was found in FCS that could account 
for the 5-HT content of the medium. However, since a 
low level of metabolites could be detected intracellularly 
(Fig. 1), we measured just the intracellular pool of the 
transmitters and transmitter-related compoxmds. 

We measured about 60 times less DA in PC 12 cell 
line as Greene and Tischler (14). Also they found 
DA/NE to be 2.7, while it was 19.5 in our case. These 
differences could arise from deviation of our PC 12 cell 
line from the original. We chose the non-neuronal PC12 
line as a reference cell lines for studying catecholami- 
nergic properties, since (i) it contained a lot of NE, DA, 
all DA metaboUtes and all the enzymes concerning cate- 
cholamine metabolism (14) (ii) and upon serum depri- 
vation it responded in a non-neuronal way. (In 
catecholaminergic nexuronal cell lines, deprivation of se- 
rum increased catecholamine content (29,31)). 

The hippocampal and cerebellar cell lines did not 
contain monoamines, indicating that the immortalisation 
did not drastically change the expression of transmitter 
phenotype in these cell lines. However considerable 
amounts of monoamines were foimd in the SN6 cell 
lines. The monoamine levels that we measured in SN6 
cell lines were much lower than those in human neurob- 
lastoma clone IMR32 (29), ten times lower than in a 
DAergic cell line MES23.5 (30), and were of the same 
order as in mouse teratocarcinoma ICll (31). 

The presence of multiple transmitters in neuroblas- 
tomas is quite common (7,29), but the original SN6 cell 
Une was characterised to be cholinergic (2). In agree- 
ment with this view, the dis2^pearance of monoamines 
in serum-free medium in SN6 cells (Table II) suggested 
that monoamines could not play a transmitter role in 
SN6 cell Unes, since in DAergic clones, deprivation of 
seruin caused a 2 to 3.5-fold increase in DA content 
(29,31). 
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Beside SN6 cell lines, hippocampal line HV16-1 
was characterised as possibly cholinergic (Table L). ACh 
concentrations in these cell lines were about in the same 
range as in septal or hippocampal primary cultures (Ta- 
ble I) although 2 to 10 times less than that of the 
SN56!B5.G4 (32) cell line. Also, ACh in these cell Unes 
increased by 30-60% in ^erum-free medium (Table II). 
Serum deprivation caused an appearance of ACh in the 
so called non-secreting line N18TG2. It is worth noting 
that several lines of neuroblastoma C-1300, from which 
N18TG2 originated, is cholinergic (15). However, serum 
deprivation did not cause any morphological changes in 
the N18TG2 line (data not shown). 

Based upon the same argument we used for iden- 
tifying cholinergic properties, we characterised the hip- 
pocampal line HV16-4 as possibly GABAergic (Table 

I) . The GAB A level foimd in this cell line was about the 
same as in primary cultures and in NG108-15 line (25) 
and it increased by 40% in serum-free medium (Table 

II) . 

We could not identify glutamatergic or asparta- 
tergic cell lines because of two reasons: (i) We did not 
have appropriate positive controls and (ii) concentrations 
of these amino acids were quite evenly distributed be- 
tween the lowest and the highest value (Table I). Asp 
and Glu did not increase significantly in response to se- 
rum deprivation in any of the cell lines tested (Table II). 

Previous reports (6,7,29,31-33) as well as the re- 
sults of serum-deprivation experiments suggested that 
similarly as in the brain, in cell lines, a more mature 
phenotype is concomitant with a switch from multiple 
to a single transmitter and/or with an increase of trans- 
mitter content (Table II). However, in release experi- 
ments we found that the immortalised cell lines did not 
show the Ca^^-dependent depolarisation-evoked trans- 
mitter release, which is a fimctional characteristic of ma- 
ture neurons. All these results suggested that these cell 
lines represented an early stage of neuronal differentia- 
tion when cells are committed to neuronal phenotype but 
fail to express all the characteristics of a fully mature 
neuron. 

There were several cell lines without any clear neu- 
rochemical characteristics. Some of them may have po- 
tentiality for a transmitter phenotype that we did not test 
in this study e.g. peptidergic. Another possibility is that 
they were so called non-secreting or inactive lines like 
several clones of neuroblastoma C-1300 (15). It is worth 
noting that these non-secreting lines could represent neu- 
ronal cells of such an eiarly stage of development (34) 
that expression of their neurotransmitter phenotype was 
below I detection limit. Sometimes they may have tmex- 
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pected features like the presence of nitric oxide synthase 
in the N18TG2 ceU line (35). 

Neurochemical characterisation of immortalized 
cell lines is more difficult than in the brain. In the adult 
brain tissue, neurons are fully mature and establish syn- 
apses with other cells, so their nerve endings contain a 
lot of synaptic vesicles with a high transmitter content. 
Also, during development, there is a large increase (up 
to some himdred times) in either transmitter content or 
synthesising enzyme activity (24). The cell lines consist 
of one type of cells, so they hardly estabUsh functional 
synapses. Their processes contact each other but they 
rarely develop processes with synaptic vesicles. Except 
for a few cell lines (PC12, NG108-15 (36) and 
SN56.B5.G4 (32)), Ca^Mependent transmitter release 
caimot be evoked from clonal cell lines and so one can- 
not verify whether the suggested transmitter is really 
functional or not. Also, upon induced differentiation, 
there is just a 1.5 to 6 times increase in either the trans- 
mitter content or synthesising enzyme activity 
(7,29,32,33). 

Despite these difficulties, our results suggest that 
the measurement of transmitter concentrations combined 
with serum deprivation studies may provide an indica- 
tion of the neurochemical characteristics of immortalised 
neuronal cell lines. 
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Mutations in ot-synuclein have been linked to rare^ 
autosomal dominant forms of Parkinson's disease. De- 
spite its ubiquitous expression^ mutant a-synuclein pri- 
marily leads to the loss of dopamine-producing neurons 
in the substantia nigra. oc-Sjmuclein is a presynaptic 
nerve terminal protein of imknown function, although 
several studies suggest it is important for synaptic plas- 
ticity and maintenance. The present study utilized a 
new human mesencephalic cell line, MESC2.10, to study 
the effect of A53T mutant a-synuclein on dopamine ho- 
meostasis. In addition to expressing markers of mature 
dopamine neurons, di^erentiated MESC2.I0 cells are 
electrically active, produce dopamine, and express wild- 
type human a-synuclein. Lentivirus-induced overex- 
pression of A53T mutant a-synuclein in differentiated 
MESC2.I0 cells resulted in down-regulation of the vesic- 
ular dopamine transporter (VMAT2), decreased potassi- 
um-induced and increased amphetamine-induced do- 
pamine release, enhanced cytoplasmic dopamine 
immunofluorescence, and increased intracellular levels 
of superoxide. These results suggest that mutant 
a-synuclein leads to an impairment in vesicular dopa- 
mine storage and consequent accumulation of dopamine 
in the cytosol, a pathogenic mechanism that underlies 
the toxicity of the psychostimulant amphetamine and 
the parkinsonian neurotoxin l-methyl-4-phenylpyri- 
dinium. Interestingly, cells expressing A53T mutant 
a-sjrnuclein were resistant to amphetamine-induced 
toxicity. Because extravesicular, cytoplasmic dopamine 
can be easily oxidized into reactive oxygen species and 
other toxic metabolites, mutations in a-synuclein might 
lead to Parkinson's disease by triggering protracted, 
low grade dopamine toxicity resulting in terminal de- 
generation and ultimately cell death. 



The main pathological hallmarks of Parkinson's disease 
(PD)^ are a striking loss of dopamine (DA)-producing neurons 
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in the substantia nigra, causing reduced DA levels in the stri- 
atum, and the presence of cytoplasmic inclusions known as 
Lewy bodies (1, 2). Even though oxidative stress and mitochon- 
drial dysfunction have been implicated in the disease process, 
the mechanisms underljdng nigral cell death in PD are still 
imknown (3). Most cases of PD are sporadic, but rare, familial 
forms of the disease do exist. To date, early-onset PD has been 
linked to mutations in two genes, a-synuclein and parkin (4). 
Autosomal dominant forms of the disease result from missense 
mutations in a-synuclein, leading to either an alanine to thre- 
onine substitution at position 53 (A53T) (6) or to an alanine to 
proline conversion at amino acid 30 (A30P) (6). Although these 
mutations are not present in the majority of patients with 
familial PD, pathogenic mechanisms involved in a-synuclein- 
mediated DA cell loss may provide important clues about spo- 
radic and familial forms of the disease. 

First identified as a component of cholinergic vesicles in the 
electric ray Torpedo californica (7), a-synuclein is a highly 
conserved, "natively unfolded," 140-amino acid phosphoprotein 
belonging to a family of closely related members (8). The fimc- 
tion of a-synuclein is still unknown, although several studies 
suggest it plays an important role in synapse maturation and 
maintenance. a-Synuclein is enriched in presynaptic terminals 
(9-11) and is expressed rather ubiquitously in the brain, par- 
tioilarly in the neocortex, hippocampus, striatum, thalamus, 
and cerebellum (12). Its expression is developmentally regu- 
lated, redistributing from neuronal cell bodies to synaptic ter- 
minals dtning periods of neuronal differentiation (13, 14), Its 
expression is up-regulated during periods of synaptic plasticity, 
Le, song-learning in the zebra finch (10). Lastly, overexpression 
of A53T mutant hiunan a-synuclein in mice results in massive 
axonal degeneration of spinal cord motor neurons (15-17). 

If a-synuclein plays an essential role in synaptic function, 
why do its mutant forms primarily lead to the degeneration of 
nigral DA neurons? This phenomenon could be explained by 
the cytotoxic potential of DA, a neurotransmitter that readily 
auto-oxidizes in the presence of iron and can also be metabol- 
ically deaminated to yield toxic DA metabolites and reactive 
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oxygen species (ROS), e.g. superoxide anions and hydroxyl rad- 
icals (18-20). Thus, a failure to properly store DA into synaptic 
vesicles may lead to abnormal elevations of cytosolic DA fol- 
lowed by generation of cytotoxic DA metabolites and ROS. This 
could, in turn, lead to oxidative stress, terminal degeneration, 
and eventually cell death. 

The present study examined the possibility that expression 
of A53T mutant a-synuclein leads to DA cell loss by promoting 
DA-dependent oxidative stress, a mechanism that has been 
proposed to iinderhe the toxicity of both amphetamine and 
l-methyl-4-phenylpyridinium (MPP"") (21-23). To test the hy- 
pothesis that mutant a-synuclein alters DA homeostasis, we 
first characterized a new human mesencephalic cell line, 
MESC2.10, and determined it to be a useful model system for 
studying the function of a-synuclein. In addition to expressing 
biochemical markers of matiare DA neurons, MESC2.10 cells 
are electrically active, synthesize and release DA, and express 
wild-type (WT) human a-synuclein. Interestingly, lentiviral- 
induced expression of A53T mutant in MESC2.10 cells led to 
changes in DAT and VMAT2 protein levels, DA uptake and 
release, C3^plasmic DA immimofluorescence, intracellular su- 
peroxide production, formation of a-synuclein-positive inclu- 
sions, and response to amphetamine (AMPH)-induced toxicity, 
modifications that suggest alterations in DA function. 

EXPERIMENTAL PROCEDURES 

Generation of MESII(1)C2J0 Cc//s— Human mesencephalic cells 
were prepared from 8-week-old human embryonic ventral mesence- 
phalic tissue (Lund University), which was procured in compliance with 
national laws and regulations, following permission from the Lund 
University Hospital Ethical Committee. Tissue fragments were main- 
tained at 4*C for ^72 h in Hanks* balanced salt solution (HBSS) 
without calcium and magnesium prior to mechanical dissociation in the 
presence of 3 mg/ml protease 23. Dispersed cells were then rinsed with 
HBSS containing 1 mg/ml trypsin inhibitor and 1 mg/ml bovine serum 
albumin prior to plating. Cells were seeded at a density of 5 x 10* 
cells/cm^ in growth medium consisting of DMEM/F-12 and 10% fetal calf 
serum. Approximately 24 h later, the growth medixim was replaced with 
DMEM/F-12 containing N2 supplement (Invitrogen, Gaithersburg. 
MD), 40 ng/ml human recombinant basic fibroblast grovrth factor 
(bFGF, Roche Molecular Biochemicals, Indianapolis, IN). 40 ng/ml hu- 
man recombinant epidermal growth factor (EOF, Invitrogen), and 20 
ng/ml platelet-derived growth factor A/B (PDGF, Roche Molecular Bio- 
chemicals, Indianapolis, IN). 

Human mesencephalic cells were inmiortalized with a LINX v-myc 
retroviral vector (24), In this system, a tetracycline-controlled trans ac- 
tivator strongly activates transcription from a minimal CMV promoter, 
which, in turn, drives v-myc expression in the absence of tetracycline. A 
gene conferring neomycin resistance is also present in the vector allow- 
ing selection of v-myc-expressing cells. Mesencephalic cultures were 
retrovirally infected and G418-selected as previously described (25), 
After selection, cultures were maintained in N2 medium consisting of 
DMEM/F-12 high glucose, N2 supplement, 2 mM L-glutamine, 40 ng/ml 
bFGF. 40 ng/ml EGF, and 20 n^ml PDGF. Confluent cultures were 
passaged by trypsin digestion. Clonal cell lines were isolated by two 
rounds of limited dilution in 96-well plates. Single colonies were ex- 
panded and passaged. 

Differentiation of Human Mesencephalic Cells — MESC2.10 cells were 
propagated in N2 medium containing 40 ng/ml bFGF, After reaching 
coufluency, cells were enzymatically dissociated with trypsin followed 
by trituration. Poly-D-lysine (PDL) pre-coated labware was treated 
overnight with 5 ^ig/ml moxise laminin (dissolved in PBS with Ca^^) and 
washed three times prior to plating. Cells were seeded at a density of 
2.5 X 10* cells/well in 8-well chamber slides, 7.5 x 10'* cells/well in 
24-weIl plates, or 2.0 x 10° cells/well in 12-well plates depending on the 
assay conducted. One day after plating, proliferation medium was re- 
placed with N2 medium containing 1 fig/wl tetracycline, 1 mM dibutyryl 
cyclic AMP (db-cAMP), and 2 ng/ml glial cell line-derived neurotrophic 
factor (GDNF, R&D Systems, Minneapolis, MN), heretofore called dif- 
ferentiation medium. Half of this medium was replaced every second 
day. Clone MESC2.10 was chosen for further characterization, because 
a high percentage of cells from this line expressed both microtubule- 
associated protein 2 and tyrosine hydroxylase (TH). 

Western Immunoblotting— MESC2. 10 cells were plated at a density 
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of 1 X 10^ cells per PDIVlaminin-coated PlOO dish, allowed to become 
confluent, and differentiated for 0, 2, 4, or 6 days. Day 0 cells were lysed 
the same day that differentiation medium was added to prospective day 
2-6 dishes. Briefly, cells were rinsed with ice-cold PBS and lysed in 
hypotonic buffer containing 2 mM EDTA, pH 7.6, 2 mM Hepes, 12 mM 
JV-ethylmaleimide, and protease inhibitors (Sigma mixture). Cells were 
homogenized by passing them five to six times through a 27-gauge 
needle. After centrifuging at 800 x g for 10 min at 4 "C, the supernatant 
was collected and SDS was added to 1% final concentration. An equal 
volume of 60 pg of protein (as measured with a Bio-Rad DC protein 
assay) from day 0-6 samples was heated for 10 min at 55 "C in the 
presence of Laemmli buffer containing 4% p-mercaptoethanol. Proteins 
were separated on a 10-20% continuous gradient SDS-PAGE gel and 
transferred onto a polyvinylidene difluoride membrane. Blots were 
blocked in 5% nonfat milk/PBS with 0.05% Tween 20 and incubated 
overnight at 4 *C in blocking buffer containing the following primary 
antibodies: mouse anti-rat TH (1:1000, Chemicon International, 
Temecula, CA), mouse anti-human ^-tubulin isotype III (1:2000, Sig- 
ma), mouse anti-human a-synuclein (1:100, Alexis Biochemicals, San 
Diego, CA), rabbit anti-human vesicular monoamine transporter 2 
(VMAT2, 1:500, kind gift fi^m Dr. Robert Edwards), rabbit anti-human 
DA transporter (DAT before dilution, 1:1000, Alpha Diagnostic Inter- 
national), rabbit anti-cow ghal fibrillary acidic protein (before dilution 
1:2000, DAKO A/S, Glostrup, Denmark), and rabbit anti-human myc 
(1:1000, Upstate Biotechnology Inc., Lake Placid, NY). After washing 
3x for 10 min in PBS/Tween 20, blots were incubated with 1:5000 
horseradish peroxidase-Unked secondary antibodies (fixim donkey, in 
blocking buffer) recognizing mouse or rabbit species followed by detec- 
tion using an ECL Plus Western blotting detection system (Amersham 
Biosciences, Piscataway, NJ). Day 4 MESC2.10 cells transduced for 
48 h with LV-GFP or LV-A53TSYN were lysed as previously described, 
and immunoblots were probed with antibodies against a-synuclein, 
DAT, VMAT2, and TH, rabbit anti-human Cu,Zn-superoxide dismutase 
(SOD, 1:3000, StressGen Biotechnology Corp., Victoria, British Columbia, 
Canada), and mouse anti-rabbit glyceraldehyde-3-phosphate dehydrogen- 
ase (1:300, Chemicon International). Band intensity was quantified 
using IMAGE software (National Institutes of Health, Bethesda, MD). 

Electrophysiology — Electrical activity was measured using the per- 
forated whole-cell configuration of the patch clamp technique, using an 
EPC-9 amplifier and Pulse software (version 8.50 or later, Heka 
Elektronik, Lambrecht, Germany). Recording electrodes were made 
from borosilicate glass capillaries coated with Sylgard close to the tips 
and fire-pohshed. The pipette resistance ranged between 3 and 6 mego- 
hms when filled with the intracellular solution specified above. The 
zero-current potential of the pipette was adjusted in the bath prior to 
gigaseal formation. Cells were continuously superfused with extracel- 
lular solution consisting of (in mM) 138 NaCl, 5.6 KCl, 1.2 MgClg, 2.6 
CaCla, 25 D-glucose, and 5 Hepes (pH 7.4 with NaOH) at 32-34 *'C. The 
pipette solution contained (in mM) 76 K2SO4, 10 NaCl, 10 KCl, 1 MgClg, 
and 5 HEPES (pH 7.35 with KOH), and 0.24 mg^ml of the pore-forming 
antibiotic amphotericin B (Sigma Chemical Co., St. Louis, MO). 

Measurement of DA Content and Release by HPLC-EC—MESC2.10 
cells were plated at a density of 2 X lOVwell in PDiyiaminin-coated 
12-weU plates. After 24 h, cells were exposed to differentiation medium 
for 0-6 days, lysed in 200 ^l of 0.1 N perchloric acid containing 0.8 
mg/ml glutathione by freeze/thawing, and the supematants were col- 
lected for analysis of intracellular DA levels. Samples from day 0, 2, 4. 
and 6 cultures were frozen at -80 *C and analyzed by high-perfor- 
mance liquid chromatography coupled to electrochemical detection 
(HPLC-EC). For assays of DA release, day 6 MESC2.10 cells were 
treated with 60 mM KCl or 50 pU AMPH for 20 min at 37 "C in 300 til 
of HBSS containing Ca^* and 0.8 mg/ml glutathione. The extracellular 
medium was collected and filtered through a 0.2-fjim filter. A sample 
volume of 30 was injected into an ESA Coulochem H electrochemical 
detector using a YMCaqua C18 coliunn (Schermbeck, Germany) set at 
a potential of 300 mV versus an Ag/AgCl reference electrode. The mobile 
phase was deUvered by an LC 10 AD Shimadzu HPLC piunp at 0.5 
ml/min and contained 0.051 M NaH^PO^'HaO with 0.92 mM octanesul- 
fonic acid, 48 NagEDTA, and 11% methanol, adjusted to pH 3.7 with 
1 M phosphoric acid and degassed. Data was acquired using a Shimadzu 
(chromatographic CLASS LC-10) software package. The analyses were 
calibrated to a standard of 0.2 pjii DA Assays were conducted in 
triplicate and experiments repeated three times. 

Construction of Lentiviral Vectors — Mutant (A53T) human 
a-synuclein {A53TSYN) was isolated from an adeno-associated virus, 
rAAV-A53TSYN (kindly provided by Nina Rosenqyist, Lund Univer- 
sity, Lund, Sweden), by PCR amplification using the following oligonu- 
cleotides: 5'-GTC AAG ATC TAT GGA TGT ATT CAT GAA AGG 
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ACT-3' and 5'-AGT OCT CGA GTT AGG CTT GAG GTT CGT AGT-3'. 
The pHR'CMV-A53TSYN-WHV construct was generated by Ugating 
this PGR product with a lentiviral backbone obtained by excising GFP 
from pHR'CMV-GFP-WHV (kindly provided by Dr. Didier Trono, Uni- 
versity of Geneva Medical School^ Geneva, Switzerland) using BamBl 
and Xhol. These restriction sites were introduced into the flanking 
sequences of A53TSYN by PGR. The construct was sequenced at the 
Center for Genomics Research, Karolinska Institute (Stockholm, 
Sweden) to ensure that no PCR-based mutations were generated. 

Virus Production — Lentiviral vectors were produced as previously 
described (26, 27). Briefly. 293T cells were transiently transfected by a 
calcium phosphatase method with a three-plasmid vector sjrstem con- 
sisting of: pHR'CMV-GFP-WHV or pHR'CMV-A53TSYN-WHR (trans- 
ducing vector containing the transgene), pMD.G (vector encoding the 
envelope protein), and pCMVAR8.91 (packaging construct providing all 
viral proteins needed except for the envelope). All constructs were 
kindly provided by Dr. D. TVono. The supernatant was collected 2 and 
3 days after transfection and ultracentrifiiged at 141,000 x g for 1.5 h. 
The pellet was resuspended in DMEM/10% FCS and frozen at -80 *C. 
The virus titer was determined by infecting 293T cells with serial 
dilutions of virus and counting the number of GFP or a-sjmuclein- 
positive cells (as assessed by immunocytochemistry). Untransduced 
293T cells did not express a-synuclein. The dilution resulting in <30% 
of GFP or a-synuclein-positive cells was used to calculate transducing 
units/cell. A multiplicity of infection (m.o.i.) = 10, corresponding to 10 
transducing imits/cell, was used at all times to infect MESC2.10 cells. 

l^ilJDA Uptake and JJeieasc— MESC2.10 cells were plated at a density 
of 7.5 X 10^ cellsAvell in PDL/laminin-coated 24-well plates and trans- 
duced for 48 h with LV-GFP or LV-A53TSYN starting on day 4. On day 6, 
cells were rinsed with HBSS containing Ca^"*" and incubated with 4.8 
/iCi/ml [7,8-^H]DA/HBSS + Ca^"^ (Amersham Biosciences, Piscataway. 
NJ) for 20 min at 37 *C. To measure intracellular [^HIDA, the super- 
natant was removed and cells were lysed with 0.1 N perchloric add by 
freeze/thawing. To measure basal pH]DA release, pHJDA-loaded cells 
were rinsed extensively with HBSS, and the supernatant was analyzed. 
For stimulation-induced PH]DA release, cells were treated with 60 mM 
KCl or 50 fOr AMPH for 20 min at 37 'C and extracellular [^HJDA 
measured. All samples were analyzed with a 1214 Rackbeta liquid 
scintillation counter (LKB Wallac, Turku, Finland). Exj)eriments were 
conducted in quadruplicate and repeated three times. 

Immunocytochemistry — For DA antibody experiments, day 4 
MESC2.10 cells were transduced with LV-GFP or LV.A53TSYN for 
48 h and exposed on day 6 to 50 /xM AMPH for 20, 40, or 60 min at 37 'C, 
After fixation with 4% paraformaldehyde, cells were rinsed in PBS 8md 
preincubated with 5% normal goat serum/0.3% Triton-X/PBS for 1 h at 
room temperature. The following primary antibodies (in Triton X-IOQ/ 
PBS) were then added overnight at 4 "C: mouse anti-human 0-tubulin 
isotype m (1:2000, Sigma, St. Louis, MO), rabbit anti-rat TH (1:100, 
Pel-Freeze, Rogers, AR), mouse anti-human a-synuclein (1:1000, Zjncned 
Laboratories, San Francisco, CA), rabbit anti-DAT (1:500, Alpha Diag- 
nostic International, San Antonio, TX), and mouse anti-DA (1:500, 
Fitzgerald, Concord, MA). Afi«r rinsing 3 X in PBS, cells were incubated 
in either goat anti-rabbit Alexa 594 or goat anti-mouse Alexa 488 for 1 h 
at room temperature, rinsed in PBS, and cover-slipped in PVA-DABCO. 
In some cases, cells were incubated in 1 ^ml Hoechst 33258 during the 
second to last wash before mounting. For assessment of a-synuclein- 
positive inclusions, day 6 MESC2.10 cells overexpressing GFP or 
A53TSYN were stained with a mouse anti-human a-synuclein antibody 
(see above). Cells were examined with a Bio-Rad MRC1024 confocal 
microscope using a 100 x objective. For DA antibody experiments, the 
mean cytoplasmic florescence intensity from >50 cells per experiment 
was quantified using Bio-Rad LaserSharp software (Hercules. CA). 

Dihydroethidium Imaging—Production of ROS was monitored in 
MESC2.10 cells overexpressing GFP or A53TSYN exposed to AMPH 
using the superoxide-sensitive fluorophore dihydroethidium (DHE) as 
previously described (22, 23, 28). MESC2.10 cells were plated at a 
density of 2.5 x 10^ cells/well in PDL/laminin-coated eight-well cham- 
ber slides and differentiated for 4 days. Cells were then transduced with 
LV-GFP or LV-A53TSYN for 48 h. On day 6 transduced MESC2.10 ceUs 
were exposed to 50 /xM AMPH for 60 min or 2 h followed by 20-min 
incubation with 3 /iM DHE at 37 *C. Cells were then fixed with 4% 
paraformal dehyde and mounted. Fluorescence was measured at exci- 
tation = 488 nm and emission = 590 nm on a Bio-Rad MRC1024 
confocal microscope using a 60x objective. The mean cytoplasmic fluo- 
rescence from s50 cells/experiment was quantified using LaserSharp 
software. Experiments were repeated three to five times. 

Determination of Cell Viability with Co/ccm-AAf— MESC2.10 cells 
were plated at a density of 2.5 x 10* cells/well in PDL/laminin-coated 
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eight-well chamber slides and differentiated for 3 days. On day 3, cells 
were transduced with LV-GFP or LV-ASSTSYN for 24 h and then 
exposed to 10, 50, or 100 ^ AMPH for 48 h. On day 6, cells were 
incubated with 5 Calcein-AM for 20 min at 37 *C. Five consecutive 
images per well were captured with a BMK 800 digital camera (Grundig 
Electronic, Ntlmberg, Grermany) using a lOx objective. Calcein-AM- 
positive cells were coimted and normalized to LV-GFP control cultures. 
Experiments were conducted in duplicate and repeated three to five 
times. 

Statistical Analysis — All parameters are expressed as means ± S,E. 
of three to five independent experiments, each treatment performed in 
three to four wells. The significance of effects between untreated and 
treated, or between LV-GFP- and LV-A53TSYN-expressing, cells, was 
determined by one- or two-way factor analysis of variance (ANOVA), as 
indicated, and post-hoc Dunnett*s t test using a Statview package 
(Abacus Concepts, Berkeley, CA). 

RESULTS 

Differentiated MESC2.10 Express Markers of Mature DA 
Neurons — Eight-week-old human embryonic mesencephalic 
cells were immortalized with a retroviral vector containing the 
v-myc oncogene (Fig. 1) (29). In brief, the control elements of a 
tetracycline-resistance operon were fused to a human CMV 
promoter directing the expression of v-myc (24). In this system, 
addition of low, non-toxic concentrations of tetracycline abolish 
transcription activation by a tetracycline-controlled transacti- 
vator thus blocking v-myc expression (29). Constitutive expres- 
sion of v-myc in the absence of tetracycline enabled MESC2.10 
cells to proliferate continuously in culture. Addition of tetracy- 
cline in the presence of GDNF, a factor that promotes the 
survival and morphological differentiation of DA neurons (30), 
and dibutyryl cyclic AMP (db-cAMP), a known inducer of TH 
activity (31), arrested proliferation and promoted the differen- 
tiation of MESC2.10 cells. After 6 days in differentiation me- 
dium, a high percentage of MESC2.10 cells expressed both the 
microtubule-associated protein 2 and the rate-limiting enzyme 
in dopamine biosynthesis, tyrosine hydroxylase (TH) (29). 
Therefore, this clone was chosen for further characterization. 

To determine which cell types were present in differentiated 
MESC2.10 cultures, the expression of various neuronal, astro- 
cytic, and DA markers was assessed by Western immunoblot- 
ting and im m u n ocytochemistry. Because microtubules play an 
essential role in neurite outgrowth, synapse formation, and 
axonal and dendritic transport, P-tubulin is often used as a 
marker of immature and mature neurons (31, 32), Immunore- 
activity for /3-tubulin isotype III was faintly present in lysates 
from undifferentiated MESC2.10 cultures and was up-regu- 
lated when cells were exposed to differentiation mediiun, 
reaching robust levels at days 4 and 6 (Fig. 2A). Similarly, day 
6 cultures immimoprocessed with an antibody against j3-III- 
tubulin exhibited long, branched processes characteristic of 
mature neurons. Double staining with the nuclear marker Ho- 
echst 33258 showed that at least 80% of Day 6 cells were 
neiirons (Fig. 25). On the other hand, the astrocytic marker 
gUal fibrillary acidic protein was modestly expressed in undif- 
ferentiated MESC2.10 cultures and was down-regulated in re- 
sponse to differentiation (Fig. 2A). Like p-III-tubulin, expres- 
sion of a-synuclein was barely detected at day 0 by Western 
immunoblotting but increased markedly by day 6. This antigen 
was £ilso readily detected by immunocytochemistry and was 
localized to the cell body and to a lesser extent to neurites (see 
Fig. 5C). 

To assess the presence of a DA phenotype, blots were also 
probed for antigens expressed in mature DA neurons. Although 
completely absent in undifferentiated ceUs, TH was highly 
expressed at days 4 and 6. Double immunocytochemistry for 
TH and Hoechst 33258 revealed that >80% of day 6 MESC2.10 
cells were TH-positive (see Fig. 4A). TH was expressed both in 
the cell soma and neuritic processes. Like TH, the plasma 
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Fig. 1. Generation of IVIESC2.10 cells. First trimester human mes- 
encephalic cells were dissociated and plated at a density of 5 x 10^ 
cells/cm^ in growth medium consisting of DMEM/F-12 and 10% fetal 
calf serum. Approximately 24 h later, the growth medium was replaced 
(see "Experimental Procedures") and cells retrovirally infected with a 
LINX v-myc vector. In this system, a tetracycline-controUed transacti- 
vator (jtTA, yellow circles) strongly activates transcription from a min- 
imal CMV promoter in the absence of tetracycline. A gene conferring 
neomycin resistance is also present in the vector. Cells expressing myc 
were G418-8elected in N2 medium consisting of DMEM/F-12 high glu- 
cose, N2 supplement, 2 mM L-glutamine, 40 ng/ml bFGF, 40 ng/ml EGF, 
and 20 ng/ml PDGF. Clonal cell lines were isolated by two rotmds of 
limited dilution, and single colonies were expanded and passaged. Con- 
stitutive expression of v-myc in the absence of tetracycline allowed 
MESC2.10 cells to proliferate continuously in culture. Replacement 
with N2 medixun containing 1 /iig/ml tetracycline (purple triangle) abol- 
ished transcription activation by tTA and blocked the production of 
v-myc. In addition to tetracycline, N2 medium also contained 1 mM 
db-cAMP and 2 ng/ml GDNF, factors that promoted the differentiation 
of MESC2.10 cells into DA-producing neurons (see "Results"). 



membrane-bound DAT was absent in lysates from imdifiFeren- 
tiated cultures but was present at day 2, 2 days before TH 
expression coiald be detected. Its robust expression did not 
change by day 6. Morphologically, DAT expression resembled 
the uniform pattern of TH expression (Fig. 4B). In contrast, 
expression of the vesicular monoamine transporter (VMAT2), 
which mediates vesicular storage of DA, was modestly ex- 
pressed at day 0 and did not change in response to differenti- 
ation. As expected, tetracycline suppressed transcription acti- 
vation of the CMV promoter and inhibited the production of 
myc, which became barely detectable at day 6 (Fig. 2A). 

MESC2A0 Cells Are Electrically Acfrue— The presence of 
neuronal (e.^. /3-III-tubulin) and synaptic {e.g, a-synuclein) 
markers in Day 6 cxiltures suggested that differentiated 
MESC2.10 cells behave as functional neurons. To assess the 
electrophysiological properties of these cells, we applied the 
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Fig. 2. Differentiated MESC2.10 cultures display markers of 
mature DA neurons. A, MESC2.10 cells were differentiated for 0-6 
days in the absence of bFGF and in the presence of tetracycline, db- 
cAMP, and GDNF, Cultures were then lysed, and the expression of 
various proteins was assayed by Western immunoblotting. Briefly, 
equal amounts of protein were separated in 10-20% continuous gradi- 
ent SDS-PAGE gels, transferred onto polyvinylidene difluoride mem- 
branes, and probed with antibodies against neuronal, Jistrocytic, syn- 
aptic, DA, and proliferative markers as listed under "Experimental 
Procedures." Western blots for each marker were repeated three to five 
times. B, MESC2.10 cultures that had been differentiated for 6 days 
were fixed and immunoprocessed with an antibody recognizing anti- 
human ^-tubulin isotype III (shown in green\ a marker of immature 
and mature neurons. Cultures were co-stained with the nuclear dye 
Hoechst 33258 (shown in blue), CJells were examined by confocal mi- 
croscopy using a 20x objective. 



perforated whole-cell configuration of the patch-clamp tech- 
nique to obtain membrane potential recordings from Day 6 
MESC2.10 cells. 6 out of 16 studied cells showed spontaneous 
action potentials (Fig. 3A) that originated from a resting po- 
tential of -59 ± 2 mV and peaked at - 12 ± 4 mV. The majority 
of the recorded cells (10 of 16) further displayed upward deflec- 
tions from the resting potential consistent with excitatory 
postsynaptic potentials (EPSPs) and some (4 of 16) cells had 
inhibitory postsynaptic potentials (IPSPs) as well (Fig. 3B), 
indicating functional synapses. In several cases, EPSPs oc- 
curred close enough in time for summation (Fig. 3C). 

MESC2,10 Cells Synthesize and Release DA upon Stimula- 
tion— -To determine whether MESC2.10 cultures synthesize 
DA, intracellular DA levels were measured by HPLC-EC. 
Briefly, day 0-6 cultures were lysed with 0.1 n perchloric acid/ 
0.8 mg/ml glutathione by fireeze/thawing, and DA levels were 
analyzed by HPLC-EC. Intracellular DA content increased pro- 
gressively in response to differentiation and was 9-fold higher 
in day 6 MESC2.10 cultures than in day 0 cultures (Fig. 4C). 
Our calculations revealed intracellular DA content to be 16.1 ± 
0.1 pmol/TH-positive cell at day 6. We then tested whether day 
6 MESC2.10 cells could release DA in response to high potas- 
sium stimulation. Exposure to 60 mM KCl for 20 min promoted 
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Fig. 3. MESC2.10 cells are electrically active. A-C, recordings of 
the membrane potential obtained in the perforated whole-cell configu- 
ration. A, typical action potentials; B, well resolved excitatory and 
inhibitory postsynaptic potentials (EPSPs and IPSPs); C, an example of 
the summation of EPSPs. The lower panels show the segments high- 
lighted in gray on an expanded time scale. 

an 8-fold increase in extracellular DA as measured by HPLC- 
EC, suggesting that the exocytic machinery of DA-synthesizing 
MESC2.10 cells is fully functional (Fig. 4D). This was also 
corroborated by patch-clamp capacitance measurements (data 
not shown). In addition to displaying exocytic release, differen- 
tiated MESC2.10 cells also extruded DA by reverse transport. 
The weak base psychostimulant AMPH has a high affinity for 
the DAT and is actively transported into DA neurons where it 
triggers the non-exocytic release of DA (33-36). Within the cell, 
AMPH blocks DA transport into vesicles by dissipating the 
transmembrane pH gradient, which provides the driving force 
for VMAT2-mediated uptake of DA (37). This leads to the 
accumulation of cytoplasmic DA that is either newly synthe- 
sized or has been taken up from the extracellidar space. An 
increase in cytosolic DA concentration, in turn, promotes re- 
verse transport of the neiu-otransmitter through the DAT, a 
phenomenon known as DA overflow (28, 38, 39). Therefore, 
AMPH can be used to measure non-exocytic, transporter-me- 
diated DA release. Exposure of day 6 MESC2.10 cells to 50 jutM 
AMPH for 20 min elicited a 9-fold increase in DA release, 
suggesting that both DAT-mediated uptake and release in 
MESC2.10 cells is functionally intact (Fig. 4D). 

Lentiviral'induced Overexpression of A53T Mutant 
a-Synuclein Leads to Changes in DA Homeostasis — The use of 
HIV-based recombinant retroviruses has proven to be a highly 
effective method for transferring foreign DNA into non-divid- 
ing and terminally difTerentiated cells. Due to its karyophilic 
properties, the lentiviral pre-integration complex allows viral 
sequences to be readily recognized by the nuclea.r transport 
machinery (40), Lentiviral vectors mediate efficient delivery, 
integration, and sustained long term expression into post-mi- 
totic cells such as adult neurons (41, 42). In addition, deletion 
of 5:60% of the viral genome, including all non-essential acces- 
sory proteins, has dramatically increased the biosafety of these 
retroviruses (43). 

The goal of this study was to use a lentiviral transduction 
system to introduce A53TSYN into differentiated MESC2,10 
cells to examine the effect of the mutant protein on intracellu- 
lar DA homeostasis. The efficiency of lentiviral transfer was 
^rst tested by transducing imdifferentiated and differentiated 
MESC2. 10 cells with a lentivirus expressing the reporter green 
fluorescent protein (LV-GFP). Increasing dilutions of virus 
were used to determine the minimum m.o.i. needed to trans- 
duce >80% of MESC2.10 cells. Although LV-GFP used at an 
m.o.i. = 10 effectively transduced >80% of day 6 MESC2,10 
cells, it did not infect undifferentiated MESC2,10 cells. The 
majority of LV-GFP-transduced cells showed high, imiform 




Fig, 4. Differentiated MESC2.10 cells synthesize and release 
DA. A, MESC2.10 cultures were differentiated for 6 days, fixed, and 
immunoprocessed with a rabbit antibody against TH (shown in red). 
Cells were co-stained with Hoechst 33258 to visualize nuclei, which 
appear pink due to co-localization with TH. 5, Day 6 cultures were 
stained with a rabbit antibody recognizing DAT. Confocal images were 
taken with a 20x olqective. C, MESC2.10 cultures differentiated for 
0-6 days were lysed in 0.1 N perchloric with glutathione by freeze/ 
thawing and the extracellular fluid collected for HPLC-EC analysis of 
DA. Values are expressed as a percentage of day 0. D, Day 6 MESC2.10 
cells were exposed to 60 mM KCl or 50 /iM AMPH in HBSS/Ca^"^ for 20 
min at 37 *C, and the levels of extracellular DA were measured by 
HPLC-EC. Values are expressed as percent increase over control. All 
experiments were conducted in quadruplicate. The graphs represent 
the mean ± S.E. of three independent experiments. *, p < 0.01 com- 
pared with day 0 (one-way ANOVA with post-hoc Dunnett*s t test), 

expression of GFP (arrowhead. Fig, 5A), although some dis- 
played a more punctate pattern of fluorescence (arrow, Fig. 
5A). Even though GFP was detected both in the cell body and in 
cellular processes resembling axons, a few cells expressed GFP 
primarily in the cell soma. 

Having established that a lentiviral strategy can be used 
effectively to introduce foreign genes into differentiated 
MESC2.10 cells, a lentiviral vector containing human 
A53TSYN (LV-A53TSYN) was generated. In this study, we 
chose to concentrate on the effects of A53TSYN expression on 
DA homeostasis in human mesencephalic neurons. It can be 
argued that overexpression of WT human a-synuclein on^ 
MESC2.10 cells woiild have provided unequivocal proof that 
the effects seen in this study were indeed due to a pathogenic 
effect of the mutant protein and not to the overexpression of 
a-synuclein itself In addition, it would have been helpful to 
compare all parameters in mutant a-synuclein-expressing 
cells, untransduced cells, and cells infected with an empty 
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Fig. 5. Lentivirus-mediated overexpression of A53T mutant 
a-synuclein. A, day 6 MESC2.10 cells were transduced with a lentivi- 
rus overexpressing GFP for 48 h. Endogenous GFP fluorescence was 
visualized using a 20x objective. Cells with strong, imiform GFP ex- 
pression (arrowhead) and cells with lesser, granular expression {arrow) 
can be observed. B, Day 4 MESC2.10 cultures were transduced with 
LV-GFP or LV-A53TSYN for 48 h and lysed, and the expression of 
different markers was assessed by Western unmunoblotting. Briefly, 
proteins were separated in 10-20% continuous gradient SDS-PAGE 
gels, transferred onto polyvinylidene difluoride membranes, and probed 
with antibodies against a-synuclein, DAT. VMAT2, and TH; Cu,Zn- 
SOD; and glyceraldehyde-3-phosphate dehydrogenase, which was used 
to ensure that equal amounts of protein were loaded onto the gel. Blots 
are representative of three independent experiments. C, Day 4 
MESC2.10 cells were transduced with LV-GFP or CD) LV-A53TSYN for 
48 h and immunoprocessed with a mouse antibody against human 
o-synuclein (red). Confocal images were taken with a 40X objective. E, 
Day 4 MESC2.10 cultures were transduced with LV-GFP or LV- 
A53TSYN for 48 h, and basal PH]DA uptake and release were meas- 
ured. Cells were loaded with pHjDA for 20 min at 37 'C and rinsed 
extensively with HBSS/Ca^*. PHjDA uptake was then measured by 
lysing the cells immediately with 0.1 N perchloric acid/glutathione by 
freeze/thawing. Basal pHjDA release was measured by incubating cells 
in HBSS/Ca^* for 20 min at 37 'C and measuring pH]DA in the super- 
natant F, extracellular PH]DA release was induced by a 20-min expo- 
sure to 60 mM KCl or 50 ^ AMPH. The supernatant was collected, and 
(^H]DA was measured. All experiments were conducted in quadrupli- 
cate. Values are expressed as a percentage of LV-GFP control cells. The 
graphs represent the mean ± S.E. of three independent experiments. *, 
p < 0.01 compared with LV-GFP control (paired t test). #, p < 0.01 
compared with LV-A53TSYN control (paired t test). 



lentiviral vector. However, becaxise we chose to examine a very 
large number of physiological parameters and MESC2.10 al- 
ready express high levels of WT a-s)Tiuclein, we focused our 
efforts on studying the effects of A53TSYN expression. How- 
ever, to control for the possible toxic effects of the lentiviral 
vector and of protein overexpression, we exposed control c\il- 
tures to a lentivirus containing GFP, a reporter protein that is 
unlikely to have an effect on DA homeostasis. Transduction 
with LV-GFP led to a slight decrease in cell viability after 48 h 
(percentage of Calcein-AM-positive cells was 81.5 ± 8.4% com- 
pared with 100.0 ± 2.6% in untransduced cultures). Cell sur- 
vival was not significantly different in cell cultures expressing 
A53TSYN (74.3 ± 8.1% cell viability). 

Unlike most cell lines and primary cult\ire cells currently 
used to study the pathogenicity of mutant a-synuclein (e.^. 
PC12, N27, B103, BE (2)M17, and HEK293 cell lines, and rat 



primary mesencephalic cells), differentiated MESC2.10 cells 
express high levels of WT human a-synuclein (Figs. 2A, 5B, C). 
Therefore we chose not to overexpress WT human a-synuclein 
in control cxdtures, even though the possibiHty that overexpres- 
sion of the WT protein itself leads to pathogenicity cannot be 
excluded. Indeed, a recent study showed that adenoviral-in- 
duced overexpression of WT human a-synuclein in primary 
human mesencephalic cultures increased the rate of apoptosis 
in transduced DA neiirons by 2-fold (44). In the present study, 
we used an m.o.i. that resulted in levels of A53TSYN that were 
only twice as high as those of endogenous WT a-s3rnuclein to 
minimize a potential competitive effect between both mutant 
and WT proteins (Fig. 5B). Indeed, this 2-fold overexpression 
suggests that the ratio of mutant to WT protein is 1:1, as would 
be expected to occur in autosomal dominant forms of PD 
wherein one copy of the gene is mutant. 

To examine the expression pattern of a-synuclein in differ- 
entiated MESC2.10 cells, Day 4 cells infected with either LV- 
GFP or LV-A53TSYN for 48 h were immunoprocessed with an 
antibody recognizing human a-synuclein. As shown in Fig. 5C, 
endogenous expression of WT a-synuclein was loc€dized pri- 
marily to cell bodies in a pattern resembling that of early 
postnatal substantia nigra pars compacta neurons from ro- 
dents and humans (14, 45). Weak staining was also detected in 
the nucleus and cellular processes (Fig, 5C). MESC2.10 cells 
transduced with A53TSYN showed a dramatic increase in the 
neuritic expression of a-synuclein, although intense staining 
was also detected in the cell body (Fig. 5D), No gross abnor- 
mahties in cell shape, size, or neurite length were detected 
although a "thickening" of processes was consistently seen (Fig. 
5D). Expression of a-synuclein in LV-A53TSYN-transduced 
cultures was confirmed by. Western blot analysis, which 
showed a 2-fold increase in a-synuclein compared with the level 
of a-synuclein in LV-GFP-transduced cultures (Fig. 5S). 

The effect of A53TSYN on the DA system of MESC2.10 cells 
was determined by stud3dng three parameters: 1) changes in 
the expression of different DA markers by Western analysis, 2) 
pH]DA uptake and release, and 3) changes in intracellular DA 
immunofluorescence. In all cases, MESC2.10 cells were trans- 
duced with LV-GFP or LV-A53TSYN for 48 h. Expression of 
A53TSYN led to a 50% decrease in the levels of both DAT and 
VMAT2 when compared with ceUs transduced with LV-GFP 
(Fig. 55). Interestingly, the expression of TH remained un- 
changed (Fig. 5B). Consistent with this decrease in DAT ex- 
pression, cells expressing A53TSYN showed a 34.7 ± 4.4% 
decrease in PH]DA uptake (Fig. SE). We observed an equiva- 
lent decline in the spontaneous release of [^H]DA into the 
culture medium in cells expressing A53TSYN (28.4 ± 3.7%), 
which could have resulted from a reduced capacity of 
MESC2.10 cells to initially take up pHJDA (Fig. 5E), 

Next, MESC2.10 cells overexpressing A53TSYN were exam- 
ined for their ability to release DA in response to stimulation. 
Briefly, day 6 MESC2.10 cells transduced with either LV-GFP 
or LV-A53TSYN were loaded with pH]DA for 20 min and then 
exposed to either 60 mM KCl or 50 /im AMPH. Whereas 
MESC2.10 cells expressing GFP showed a 40.2 ± 4.8% increase 
in [^H]DA release during to high potassium stimulation, 
MESC2.10 cells expressing A53TSYN did not release (^H]DA in 
response to depolarization (Fig. 5F). However, they displayed 
an increased capacity to extrude pH]DA in response to AMPH 
compared with GFP-expressing cells (79.0 ± 13.4% versus 
31.7 ± 2.6%, Fig. 5F). Because AMPH promotes transporter- 
mediated release of cytoplasmic DA, an increase in AMPH- 
induced release coupled to a decrease in exocytic release sug- 
gests that vesicular sequestration of (^H]DA into synaptic 
vesicles is impaired in cells expressing A53TSYN. This could be 
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Fig. 6. IVIESC2.10 cells expressing A53T mutant of-83muclein 
have enhanced basal levels of cytoplasmic DA and superoxide. 
A, MESC2.10 cells were differentiated for 4 days and then transduced 
with either LV-GFP or LV-A53TSYN for 48 h. On day 6, cells were 
exposed to 50 ftM AMPH for 20, 40, or 60 min, fixed, and immunopro- 
cessed with a mouse antibody against DA Confocal images, which were 
taken with a 60x objective, show DA-stained cultures exposed to 
AMPH for 60 min. B, the cytoplasmic DA fluorescence from £50 cells 
was measured per time point and is expressed as a percentage of 0 min 
for LV-GFP- and LV-A53TSYN-transduced cells. The graphs denote the 
mean ± S.E. of three independent experiments. C, same as in A except 
that transduced cells were exposed to 50 ^lM AMPH for 1 or 2 h. Cells 
were then incubated with 3 ^lM DHE, a superoxide-sensitive fluoro- 
phore, for 20 min at 37 'C and fixed with 4% paraformal dehyde for 30 
min at 37 'C. Cytoplasmic DHE fluorescence was examined by confocal 
microscopy using a 60x objective. The fluorescence of £60 cells was 
measured per time point and is expressed as a percentage of 0 min for 
LV-GFP- and LV-A53TSYN-transduced cells. The graphs denote the 
mean ± S.E. *, p < 0.01 compared with LV-GFP 0 min (two-way 
ANOVA with post-hoc Dunnett's t test). 

due to either a defect in transmitter uptake or to a depletion of 
synaptic vesicles available for storage. 

To examine the effect of A53TSYN on intracellular DA dis- 
tribution, we measured cytoplasmic DA immunofluorescence 
using an antibody against DA. DA immimofluorescence studies 
have been used by others to reliably detect changes in intra- 
cellular DA following exposure to DA-enhancing or -depleting 
compoimds {e.g. Ref. 46). Day 6 MESC2. 10 cells expressing 
GFP showed a granular pattern of DA immimofluorescence 
mainly localized to the cell body (Fig. 6A). On the other hand, 
MESC2. 10 cells expressing A53TSYN showed increased levels 
of DA immunofluorescence both in the cell soma and in neu- 
rites, with bright granules of DA often seen along axons and in 
the extracellular space (Fig. 6A). Quantification of cytoplasmic 
DA immunofluorescence by confocal microscopy revealed a 
46.8 ± 4.1% increase in DA fluorescence intensity in MESC2.10 



cells expressing A53TSYN compared with cells expressing GFP 
(Fig. 6B). This increase in cytoplasmic DA fluorescence is con- 
sistent with the impaired ability of A53YiSYN-expressing cells 
to release [^H]DA in response to depolarization and again in- 
dicates a redistribution of vesicular DA to the cytosol (Fig. bF). 

Next, we examined the effect of A53TSYN on MESC2.10 cells 
exposed to a DA-redistributing dose of AMPH. GFP-expressing 
cells treated with 50 ^iM AMPH exhibited an increase in cyto- 
plasmic DA immunofluorescence, which reached a plateau af- 
ter 40 min of drug exposure (Fig. 6B, 37.8 ± 3.1% compared 
with untreated cells). The pattern of fluorescence resembled 
that of cells expressing A53TSYN. Interestingly, cells express- 
ing the mutant protein did not display an increase in somal DA 
immunofluorescence in response to AMPH. In fact, fluores- 
cence intensity decreased slightly in response to the psycho- 
stimulant (Fig. 6B), consistent with the greater ability of these 
cells to extrude DA through the DAT (Fig. 5F). MESC2.10 cells 
expressing A53TSYN did not exhibit an increase in DA immu- 
nofluorescence even after prolonged exposxire to AMPH 
(144.3 ± 3.3% versus 146.8 ± 4.1% in imtreated cells after 2 h). 

Due to its rmstable catechol ring, cytoplasmic DA can be 
rapidly oxidized to yield both ROS-like superoxide anion as 
well as reactive DA metabolites like DA-quinone (18-20). 
Thus, to determine whether increased cytoplasmic DA leads to 
enhanced intracellular production of ROS in MESC2.10 cells 
expressing A53TSYN, we monitored both LV-GFP- and LV- 
A53TSYN-transduced cells with the redox-sensitive fluoro- 
phore DHE. Because DHE is oxidized into fluorescent ethidium 
by superoxide anions, changes in DHE fluorescence can be used 
as an index of superoxide formation (47-49). Day 6 MESC2.10 
cells expressing A53TSYN exhibited 31.0 t 3.3% higher levels 
of basal DHE fluorescence than cells expressing GFP, suggest- 
ing that elevations in cytoplasmic DA result in increased pro- 
duction of superoxide radicals (Fig. 6C). Because the emission 
spectrum of DHE is >590 nm and GFP emits at 509 nm, GFP 
fluorescence did not overlap with oxir DHE measurements (this 
was confirmed by looking at GFP-expressing cells through a 
DHE filter). 

Given that AMPH-induced distribution of vesicular DA into 
the cytoplasm can promote fi*ee radical formation (28, 50), 
coupled to the observation that MESC2,10 cells appear to be 
under a heightened state of oxidative stress, we questioned 
whether AMPH-induced superoxide formation was enhanced 
by expression of A53TSYN. Whereas MESC2.10 cells express- 
ing GFP exhibited a 39.1 ± 3.6% increase in DHE fluorescence 
in response to a 60-min exposure to 50 /jlM AMPH, no changes 
were observed in response to A53TSYN expression, even after 

2 h of drug exposure (Fig. 6C). Although quite surprising, these 
results suggest that MESC2.10 cells expressing A53TSYN are 
better able to deal with an AMPH challenge than cells express- 
ing the WT protein. To test the possibility that A53TSYN- 
expressing cells scavenge DA-derived superoxide radicals more 
effectively than GFP-expressing cells when treated with 
AMPH, we examined the expression of cytoplasmic superoxide 
dismutase (Cu,Zn-SOD) in both types of cultures by Western 
immxmoblotting. Protein levels of Cu,Zn-SGD in MESC2.10 
cells expressing A53TSYN did not differ from those of GFP- 
expressing cells (Fig, 5B). 

Expression of A53TSYN Confers Resistance to AMPH— Be- 
cause MESC2.10 cells expressing A53TSYN exhibited higher 
basal levels of cytoplasmic DA and increased DHE fluorescence 
compared with cells expressing GFP, we questioned if they 
would be more sensitive to AMPH-induced toxicity. Thus, Day 

3 MESC2.10 cells were exposed to LV-GFP or LV-A53TSYN for 
24 h and then treated with 10-100 axM AMPH for 2 days in the 
continuing presence of virus. Because ^80% of cells in Day 6 
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Fig, 7. MESC2,10 cells expressing A53T mutant a-synuclein 
are resistant to AMPH toxicity. A, Day 3 MESC2.10 cells were 
exposed to LV-GFP or LV-A53TSYN for 24 h and then treated with 
10-100 tm AMPH for 2 days in the presence of virus. The right panels 
show cells exposed to 100 yiM. AMPH, On day 6, cell viability was 
assayed by incubating cells with 5 /iM Calcein-AM for 20 min at 37 "C, 
Cells were visualized with a lOx objective. B, the total number of 
Calcein-AM-positive cells from five consecutive fields was coimted per 
well. All data are expressed as a percentage of LV-GFP control. The 
graphs denote the mean ± S.E. of three independent experiments, *, 
p < 0.01 compared with LV-GFP control (two-way ANOVA with post- 
hoc Dunnett's t test). 



cixlhires expressed TH, we assessed the viability using Calcein- 
AM, a membrane-permeable dye that is hydrolyzed in healthy 
cells by endogenous esterases into a membrane-impermeable 
fluorescent product. Transduction with LV-A53TSYN for 72 h 
did not liaad to a significant decrease in cell viability compared 
with cells transduced with LV-GFP (Fig. IB), Exposure of 
GFP-expressing cells to AMPH led to dose-dependent ceil 
death, resulting in a 68.4 ± 2.9% loss of viability in cultures 
treated with 100 ptM AMPH (Fig. 7, A and B). Surprisingly, 
MESC2.10 cells expressing A53TSYN were completely resist- 
ant to AMPH-induced toxicity (Fig. 7, A and B), Cell viability in 
LV-A53TSYN-transduced cultures treated with 100 /jtM AMPH 
was 91.5 ± 4.3% compared with 92.8 ± 8.1% in untreated 
cultures (Fig. IB). 

Lastly, because the appearance of protein aggregates has 
been inversely correlated to cell death both in PD and in Hun- 
tington's disease (51, 52), we looked for the presence of 
a-synuclein-positive inclusions in MESC2,10 cells expressing 
A53TSYN. We observed a dramatic increase in the number of 
MESC2,10 cells containing both cytoplasmic and intranuclear 
inclusions, the proportion of which was equal, in cultures 
transduced with LV-A53TSYN compared with cultures trans- 
duced with LV-GFP (39.1 ± 2.3% versus 4.3 ± 0.7%; Fig. 8, A 
and B). Moreover, a 2-h exposure to AMPH significantly in- 
creased the number of cells displaying a-synuclein-positive in- 
clusions in LV-GFP and LV-A53TSYN-transduced cultures to a 
similar degree (Fig, 8B). The formation of intracellular aggre- 
gates in A53TSYN-expressing cells could contribute to their 
resistance to AMPH-induced toxicity. 
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Fig. 8. A53T mutant cr-synuclein leads to inclusion formation. 

A, MESC2.10 cells were differentiated for 4 days and then transduced 
with either LV-GPP or LV-A53TSYN for 48 h. On day 6, cells were 
exposed to 50 isM AMPH for 2 h, fixed, and immunoprocessed with a 
mouse antibody recognizing human a-synuclein. Shown is a confocal 
image taken with a 100 X objective depicting both cytoplasmic and 
nuclear aggregates. B, the number of a-synuclein-positive inclusions 
from five consecutive fields was counted using a 60x objective. All data 
are expressed as a percentage of LV-GFP control, Th& graphs denote the 
mean ± S.E. of three independent experiments. *, p < 0.01 compared 
with LV-GFP control (one-way ANOVA with post-hoc DuimetVs t test). 
#, p < 0.01 compared with LV-A53TSYN control (one-way ANOVA with 
post-hoc Dunnett's t test). 

DISCUSSION 

Linkage of a-synuclein mutations to rare, autosomal domi- 
nant forms of PD (6, 6) has spurred a great interest in the 
mechanisms by which mutant a-synuclein leads to PD. Unfor- 
tunately, transgenic mice overexpressing WT or mutant 
a-synuclein do not reproduce the pathology of PD, and in vitro 
studies examining the effects of WT and mutant a-synuclein 
overexpression have jdelded conflicting results. These discrep- 
ancies could be explained, in part, by the presence of a threo- 
nine instead of an alanine at position 53 in WT rodent 
a-synuclein or by fundamental differences between the in vitro 
systems studied and human nigral dopaminergic neurons. 
Therefore, we chose to study the effect of mutant a-synuclein in 
a new, human mesencephalic cell line, MESC2.10. In this rele- 
vant model system, we tested the hypothesis that mutant 
a-synuclein leads to oxidative stress in nigral neurons by al- 
tering intracellular DA homeostasis. 

Even though mice overexpressing WT human a-synuclein 
under the direction of the PDGF-/3 promoter exhibit a loss of 
striatal TH-immunoreactive terminals, they do not display re- 
duced numbers of nigral TH-immunoreactive neurons nor 
fibrillar a-synuclein-positive inclusions like those found in PD 
(47, 48). Moreover, transgenic mice expressing WT and mutant 
a-synuclein imder the direction of the mouse prion promoter 
show no pathology in the substantia nigra despite abundant 
expression of the transgene in this region (16, 17). Targeted 
overexpression of either A53T or A30P mutant human 
a-synuclein in nigral neurons does not lead to inclusion forma- 
tion, DA depletion, cell loss (55), or increased sensitivity to 
MPTP toxicity (56) in aged mice. In vitro, overexpression of WT 
human a-synuclein in cultured cells has yielded contradicting 
results. Depending on the cell type studied, WT human 
a-synuclein increases (44, 57), decreases (58), or does not affect 
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(59) naturally occurring apoptosis. In most of these studies, 
rodent or periphered human cell lines that do not express hu- 
man a-synuclein were used. Thus, to study the effect of its 
mutant form, WT a-synuclein had to be introduced as a control. 
The incongruity of these findings could therefore be attributed 
to the differing cellular backgrounds in which WT human 
a-synuclein was overexpressed. In our case, A53T mutant hu- 
man a-synuclein was introduced into a human mesencephalic 
cell line (Fig. 1) that exhibits properties of mature dopaminer- 
gic neurons (Fig. 2), providing an excellent model system for 
studying the pathogenicity of this protein. Because our cells 
already expressed human a-synuclein (Fig. 5, B and O, we 
chose not to introduce the WT protein. However, we cannot 
exclude the possibility that overexpression of the WT protein 
would have resulted in DA-related toxicity, as suggested by a 
recent study (44). 

In most cases, overexpression of A53T mutant a-synuclein 
increases sensitivity to toxin-induced cell death. For instance, 
it exacerbates susceptibility of HEK293 and SH-SY5Y cells to 
DA toxicity (60, 61), of primary DA neurons and N27 cells to 
6-OHDA-induced apoptosis (59), and of SH-SY5Y cells to 
MPP "^-mediated cell death (62). In contrast to these studies. 
MESC2.10 cells overexpressing A53TSYN were resistant to 
AMPH-induced toxicity (Fig. 7), a form of cell death thought to 
result from intracellular, DA-dependent oxidative stress (28, 
50). Although the effect of WT or mutant a-synuclein on 
AMPH-induced toxicity has not been tested by other groups, 
recent studies suggest that cells overexpressing mutant forms 
of this protein are more sensitive to oxidative damage following 
addition of DA (60, 61) and 6-OHDA (59). The apparent dis- 
crepancy may be explained by high concentrations of applied 
DA and 6-OHDA acting as exogenous oxidant stressors not 
requiring the participation of endogenoiis transmitter stores or 
by differences in the cell types studied. In other words, appli- 
cation of exogenous dopamine may lead to both extracellular 
and intracellular formation of ROS, whereas AMPH primarily 
leads to the latter. Furthermore, we tested AMPH-induced 
toidcity in human mesencephalic neurons, while other groups 
measured DA- and 6-OHDA-mediated toxicity in either non- 
dopaminergic cells (e.^. HEK293) (54) or rat mesencephalic 
cells (53). Studies by Zhou and colleagues (44, 59) demonstrate 
that the pathogenicity of A53TSYN is not only dependent on the 
cell type used but on the species in which the mutant protein is 
expressed. For instance, althou^ adenovirus-mediated overex- 
pression of A53T mutant human a-synuclein in rat primary 
mesencephahc cultures led to a ^60% decrease in TH cell viabil- 
ity compared with cultiu^s transduced with GFP (59), human 
primary mesencephahc cultures transduced with the same vector 
displayed only a <20% loss of TH-positive cells (44). 

Due to its unstable catechol ring, DA is readily oxidized in 
the cytoplasm into hydrogen peroxide, superoxide, and various 
DA metabolites (18). Intracellular accumulation of these toxic 
species can lead to detrimental cellular effects, including in- 
creased cytoplasmic calcium and protein and lipid damage (63). 
MESC2.10 cells overexpressing A53TSYN displayed 31% 
higher levels of superoxide compared with cells expressing GFP 
(Fig. 6C). Using the redox-sensitive dye dichlorofluorescein, 
Junn and Mouradian (61) also reported an increase in ROS 
production in SY-SH5Y cells overexpressing the mutant 
a-synuclein. One potential source of superoxide is unstored DA. 
Indeed, AMPH-induced elevations in somal DA immunofluo- 
rescence preceded increases in DHE fluorescence suggesting 
that superoxide radicals arose from the oxidation of cytoplas- 
mic DA (Fig. 6, B and C). Furthermore, MESC2.10 cells ex- 
pressing A53TSYN displayed a significant increase in basal DA 
immuinofluorescence in the cell soma (Fig. 6, A and B) and an 



increase in AMPH-stimulated DA release (Fig. which sug- 
gests that cells expressing the mutant protein are unable to 
properly store DA into sjniaptic vesicles. 

A gradual increase in oxidative stress may have triggered 
adaptive mechanisms in MESC2.10 cells that made them re- 
sistant to AMPH-induced toxicity. Indeed, repeated adminis- 
tration of AMPH to rats leads to am adaptive up-regulation of 
various antioxidant enzymes (64). To test whether exposxire to 
mild oxidative stress during the hours following transduction 
with LV-A53TSYN led to a compensatory increase in antioxi- 
dant capacity, expression of the cytoplasmic superoxide scav- 
enger Cu,Zn-SOD was assessed in MESC2.10 cells transduced 
with LV-A53TSYN for 48 h. No changes in Cu,Zn-SOD expres- 
sion were observed in comparison to cells expressing GFP (Fig. 
5B), This does not exclude the possibihty that other antioxidant 
enzymes may have been up-regulated. In addition, resistance 
to oxidative stressors could be mediated by other factors, in- 
cluding the redox-sensitive transcription factor NF-kB (65). 
Interestingly, a similar resistance phenomenon has been ob- 
served during ischemic pre-conditioning, a condition whereby 
neurons exposed to sublethal cerebral ischemia become resistant 
to a subsequent lethal ischemic insult (66). In this case, enhanced 
mitochondrial calcium sequestration and/or calcium effliix is 
thought to be an important compensatory mechanism (67). 

One possibility is that A53T mutant a-synuclein leads to an 
abnormal accumulation of cytoplasmic DA by reducing the 
number of vesicles in which neurotransmitter can be stored. 
Indeed, MESC2.10 cells expressing A53TSYN displayed a de- 
crease in the levels of VMAT2, a marker of monoaminergic 
vesicles (Fig. 5B) and a reduction in depolarization-induced 
exocytotic DA release (Fig. BF). The latter defect has also been 
observed in PC12 cells overexpressing the mutant protein (68). 
Even though a-synuclein binds to vesicles both in vivo (69) and 
in vitro (70), the A53T mutation does not affect its ability to 
bind to these structures (71, 72). Interestingly, a-synuclein is a 
potent inhibitor of phospholipase D isoform 2 (PLD2) (73), an 
enzyme that catalyzes the hydrolysis of phosphatidylcholine 
into chohne and phosphatidic acid (74). In vivo, a-synuclein 
coiild modulate synaptic vesicle recycling via its regulation of 
PLD2 (75). This enzyme has been impHcated in vesicle forma- 
tion near the plasma membrane, given the abihty of its prod- 
uct, phosphatidic acid, to recruit adaptor proteins and clathrin 
to membrane sites of vesicle budding (76). The possible role of 
a-synuclein in synaptic vesicle recycling is supported by a 
seminal study showing that suppression of WT a-synuclein by 
antisense oligonucleotides decreases the number of synaptic 
vesicles in the reserve pool (77). 

Another mechanism whereby mutant a-synuclein could in- 
crease cytoplasmic DA might be through penneabilization of 
synaptic vesicles. Protofibrils of WT a-synuclein have been 
shown to bind and permeabilize phospholipid vesicles in a 
pore-like fashion, an effect that is enhanced by the A30P and 
A53T mutations (78, 79). In contrast, fibrillar a-synuclein oli- 
gomers are believed to be less cj^toxic (78), consistent with 
recent claims that fibrillar protein aggregates are harmless to 
cells (80). In addition, a-synuclein protofibrils appear to be 
stabiUzed by DA (81); increases in cytoplasmic DA could there- 
fore promote further vesicle permeabilization. Alternatively, 
DA-induced oxidative damage of WT a-synuclein could also 
alter its ability to regulate PLD2 and worsen a mutant 
a-synuclein-mediated impairment in vesicle recycling. 

A high proportion of MESC2.10 cells expressing A53TSYN 
exhibited aggregates immunoreactive for a-synuclein (Fig. 8). 
AMPH treatment also caused an increase in a-synuclein-posi- 
tive inclusions (Fig. 8). Stressors such as ferric iron (82) or 
nitrating agents (83) promote a-synuclein aggregation, and the 
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increase in a-synuclein-immxmoreactive aggregates observed 
in both cells overexpressing A53TSYN and GFP exposed to 
AMPH could result from cytoplasmic DA-derived ROS, Inter- 
estingly, not only is a-synuclein a major component of Lewy 
bodies (84), but mutant a-synuclein is more prone to self- 
aggregation than the WT protein (85, 86). Because surviving 
nigral neurons in PD-containing Lewy bodies appear to display 
less apoptotic features than neighboring Lewy body-free neu- 
rons (51), it has been suggested that these cytoplasmic aggre- 
gates might actually protect DA neurons from cell death. A 
similar phenomenon has been observed in the striata of esu-ly 
grade Huntington's disease patients, where a much higher 
proportion of spared intemeurons than dying projection neu- 
rons display perikaryal huntingtin aggregates (62). Similarly, 
in a cell culture model of Himtington's disease, blockade of 
inclusion formation leads to decreased cell survival (87), and in 
a transgenic mouse model of the disease the nixmber of striatal 
inclusions correlated with resistance to excitotoxin-induced 
striatal damage (88). Therefore, protein aggregates may indi- 
cate the activation of mechanisms that, at least temporarily, 
protect against cell death in slow neiurodegenerative diseases. 

In conclusion, the present study suggests that a-synuclein 
may play an important role in DA homeostasis by regulating 
neurotransmitter sequestration into synaptic vesicles. Our re- 
sults demonstrate that expression of A53T mutant a-synuclein 
in a htiman mesencephalic cell line leads to an AMPH-like 
redistribution of DA from vesicular stores to the cytoplasm, 
which is accompanied by an increase in ROS. Additional stud- 
ies are needed to assess whether overexpression of the WT 
protein can also disrupt DA homeostasis and to clarify whether 
mutant a-synuclein impairs DA storage by curtailing the for- 
mation of new synaptic vesicles or by interfering with neuro- 
transmitter uptake. Moreover, it would be interesting to exam- 
ine whether the protective mechanism observed in this study is 
gradually overrun so DA neurons expressing A53T mutant 
a-synuclein eventually succumb to disrupted DA metabolism, 
as may be the case in PD. 
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Addendum— h recent report by Xu et al. (89) shows that depletion of 
DA by a TH inhibitor blocked apoptosis induced by overexpression of 
WT and mutant a-synuclein in primary human mesencephalic cultures. 
This study supports the role of dopamine in the pathogenicity of mutant 
a-synuclein, although overexpression of the WT protein had a similar 
effect. 
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